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Abstract

Somatic mutations of pre-mRNA splicing factors recur among patients with myelodysplastic
syndromes (MDS) and related malignancies. Although these MDS-relevant mutations alter
splicing of a subset of transcripts, the mechanisms by which these single amino acid substitutions
change gene expression remain controversial. New structures of spliceosome intermediates and
associated protein complexes shed light on the molecular interactions mediated by “hotspots” of
the SF3B1 and U2AF1 pre-mRNA splicing factors. The frequently mutated SF3B1 residues
contact the pre-mRNA splice site. Based on structural-homology with other spliceosome subunits
and recent findings of altered RNA binding by mutant U2AF1 proteins, we suggest that affected
U2AF1 residues also contact pre-mRNA. Altered pre-mRNA recognition emerges as a molecular
theme among MDS-relevant mutations of pre-mRNA splicing factors.
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Recurrent Somatic Mutations of Pre-mRNA Splicing Factors in Cancers

Prevalent, acquired mutations of pre-mRNA splicing factors in cancers were discovered
initially from whole-exome sequencing of myelodysplastic syndromes (MDS) [1-4], chronic
lymphocytic leukemias (CLL) [5, 6], and related disorders (Box 1). Primarily, four splicing
factor genes are mutated among these myeloid neoplasms: SF3B1, U2AF1, SRSFZ, and
ZRSR2 (Figure 1, Key Figure). The recurrent SF3B81, UZAF1, and SRSF2 mutations alter
amino acids at specific “hotspots” (mapped on SF3B1 and U2AF1 protein domains in Figure
1A; the SRSF2 hotspot is P95). An exception is the null as well as missense mutations found
distributed throughout ZRSR2 (also called URP), which is associated with the “minor” U12-
type spliceosome rather than the “major” U2-type spliceosome (Box 2) [7]. A single splicing
factor often dominates the mutational spectrum of a distinct cancer subtype. For example, as
expanded below, SF3B1 mutations occur in the majority of refractory anemia with ringed
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sideroblasts (RARS) [8]. On the other hand, SRSF2 mutations occur in more than a third of
chronic myelomonocytic leukemias (CMML) [9]. Somatic mutations of certain splicing
factors also recur among a variety of solid tumors — primarily, SF381 mutations in uveal

melanoma [10, 11], pancreatic ductal adenocarcinoma [12, 13], or breast cancer [14, 15] and

UZAFI mutations in pancreatic ductal adenocarcinoma [13] or lung adenocarcinoma [16,
17].

Box 1
Myelodysplastic Syndromes and Related Myeloid Neoplasms

Myeloid neoplasms are clonal diseases of stem cells in the bone marrow or peripheral
blood that normally provide blood cells through the process of hematopoiesis (reviewed
in [94]). The World Health Organization (WHO) classifies myeloid neoplasms and acute
leukemias into distinct types and subtypes based on a combination of clinical features,
morphology, immunophenotyping, cytogenetics, and molecular genetics [95]. Acute
myeloid leukemia (AML) is a severe type of myeloid neoplasms characterized by
increased malignant myeloid blasts and reduced mature blood cells. Myelodysplastic
syndromes (MDS), historically called “pre-leukemias” based on progression to AML in
~30% of patients [96], are heterogeneous bone marrow disorders with the common
feature of peripheral blood cytopenias. A distinct group called MDS/MPN displays both
dysplastic features of MDS and proliferative features of myeloproliferative neoplasms
(MPN), which overproduce blood cells. Chronic myelomonocytic leukemia (CMML) is
one subtype of MDS/MPN. Peri-nuclear rings of iron granules, called ring sideroblasts
(RS) [97], mark other MDS and MDS/MPN subtypes. Although the term refractory
anemia (RA) is used herein to match prior literature, the WHO recently re-classified RA
as MDS or MDS/MPN subtypes [98]. Other categories of myeloid neoplasms include B-
cell lymphomas, of which hairy cell leukemia variant (HCL-v) is a provisional entity, as
well as myeloid/lymphoid neoplasms with eosinophilia and genetic rearrangements,
blastic plasmacytoid dendritic cell neoplasm, and acute leukemias of ambiguous lineage.
Chronic lymphocytic leukemia (CLL), in which SF3B1 is frequently mutated, is
classified as a lymphoid (rather than myeloid) neoplasm.

MDS and related myeloid neoplasms typically are acquired through genetic and
epigenetic changes. Accordingly, the greatest risk factor for MDS is age. The incidence
rate of MDS in the United States of is approximately 3 cases per 100,000 population per
year and increases 10-fold among patients above 70 years of age [99]. The BCR-ABL1
fusion kinase is a well-known genetic defect of CML that has served as the basis for
successful therapies [100]. As discussed herein, high-throughput DNA sequencing
revealed pre-mRNA splicing as the most frequent target of acquired mutations in MDS
[18, 23]. Other recurrently mutated genes, such as TE72, ASXL1, DNMT3aand
RUNX1, affect epigenetic regulation, signaling, or DNA damage response. Currently,
allogeneic stem cell transplant is the only curative therapy for MDS, yet its severity
precludes use to treat elderly patients, who also are the most commonly sick. It is hoped
that the field’s increasing knowledge of the underlying molecular pathways will guide
future therapies for MDS.
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Box 2
The Spliceosome, a Molecular Machine for pre-mRNA Splicing

The spliceosome accomplishes the feat of intron removal from the primary transcripts of
eukaryotic cells. Small nuclear (sn)RNAs comprise the catalytic core, whereas multiple
protein subunits chaperone assembly on the target pre-mRNA sites and ultimately
scaffold the active site (reviewed in [101]). The major class of spliceosomes is composed
of the U1, U2, U4, U5 and U6 snRNAs (packaged into the core ribonucleoproteins,
snRNP), which assemble on consensus pre-mRNA splice site signals including a “GU”
following the 5" splice site and the BPS, Py tract, and “AG” dinucleotide preceding the
3 splice site. A minor class of spliceosomes, composed of U11, U12, U4atac, U6atac,
and a common U5 snRNP, recognizes distinct splice site signals in less than 1% of known
introns (reviewed in [102]).

The recurrently mutated SF3B1, U2AF1, and SRSF2 splicing factors assist assembly of
the major spliceosome. The SF3B1 and U2AF1 functions in pre-mRNA splicing are
detailed in the text. SRSF2 is member of the arginine-serine-rich (RS) splicing factor
family, which typically recognizes exonic splicing enhancer sequences with an RNA
recognition motif (RRM) and promotes sSnRNA-pre-mRNA annealing [103, 104] and
protein-protein interactions [105, 106] with an RS-domain. On the other hand, ZRSR?2 is
important for the minor spliceosome [7], for which it may displace off-target U2AF-
interactions [107].

The active spliceosome assembles through a series of discrete, ATP-dependent
conformational transitions that are separable by native gel electrophoresis [108] and also
have been illuminated by single molecule fluorescence (reviewed in [109]). The “E”-
complex of the U1 snRNP and U2AF-SF1 complex at the 5" and 3" splice sites is
followed by the ATP-dependent “A”-complex, in which the SF3B-containing U2 snRNP
stably associates. Subsequently, the U4/U5/U6 snRNP joins the “B”-complex, which is
activated following ATP-dependent loss of the U4 snRNP (BACT). The BPS attacks the
5" splice site to form a branched intron lariat in the “C”-complex, which then is activated
to the “C*”-complex. A second transesterification reaction of the 5" splice site and the
downstream 3" splice site forms the final spliced products in the “P”-complex.

Historical crystal structures have been determined for key spliceosome components, such
as Prp8-Brr2 [110, 111] and the U1 snRNP [112-114]. Recent advances, including the
availability of direct electron detectors, have facilitated seminal cryoEM structures of
spliceosome complexes, including the BACT- [43, 44], C- [70, 71], C*- [72] and P-
complexes [73, 74] — leaving only the E- and A- complexes for future structural
elucidation.

Several genetic attributes hint that the hotspot mutations of splicing factors confer new
functions rather than inhibit existing ones. In all cases, the allelic burdens of the mutant

splicing factor alleles (~50%) are consistent with heterozygous mutations (e.g. [18]). Indeed,

wild-type (WT) copies of SF3B1, SRSF2 and U2AF1 splicing factors are required for cell
proliferation (e.g. [19-21] among others), although multiple single cells carrying only
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SF3B1 mutations have been detected in single-cell sequences from CLL patient samples
[22]. Likewise, simultaneous mutations in multiple splicing factors are absent from patient
samples (e.g. [23]). In support of new functional attributes conferred by the mutant splicing
factors, most of the altered splice sites in the presence of the hotspot splicing factor
mutations differ from affected splice sites following knockdown of that splicing factor [3,
24-217].

We refer the reader to several excellent reviews covering the potential means for progression
from pre-mRNA splicing factor mutations to cancer development (e.g. [28, 29]). Here, we
focus on recent ribonucleoprotein structures and RNA interactions that increase our
molecular-level understanding of the consequences of SF381 and UZAFI mutations in
myeloid neoplasms and cancers.

SF3B1 and U2AF1 Splicing Factors Function in Spliceosome Assembly

The MDS-relevant pre-mRNA splicing factors act during the early stages of spliceosome
assembly (Figure 1B, Box 2), which proceeds through a discrete series of separable
complexes termed “E-“, “A-“, “B-", “C-“, post-splicing complexes and their activated
intermediates. The SF3B1 protein (also called SF3b155 or SAP155) is one of at least seven
subunits that comprise the SF3b component of the U2 snRNP [30]. U2AF1 (also called
U2AF3%) forms a ternary complex along with U2AF2 (also called U2AF5%) [31] and
Splicing Factor-1 (SF1) [32, 33]. In the earliest “E-complex” of the spliceosome, U2AF1
site-specifically crosslinks with a consensus AG at the 3" splice site junction and facilitates
in vitro splicing of splice sites preceded by “weak” polypyrimidine (Py) tracts that diverge
from a U-rich consensus [34-36]. In turn, U2AF2 recognizes “strong” U-rich Py tract site
signals that precede the majority of 3" splice sites [37, 38]. U2AF?2 initially binds SF1,
which is the first protein to recognize a branch point sequence (BPS) of the pre-mRNA
(reviewed in [39]). Subsequently at the transition to the “A-complex”, U2AF2 associates
with a “U2AF Ligand Motif” region of SF3B1 (reviewed in [40]), displacing SF1. The U2
snRNA anneals with the BPS [41], which ultimately offers the nucleophile for the first step
of the splicing reaction. The U2AF heterodimer is thought to act in conjunction with the
SF3B1 subunit to stabilize U2 snRNP association with the 3" splice site, considering that
SF3BL1 crosslinks surround the BPS-U2 snRNA duplex [42]. Spliceosome assembly further
depends on the ATP-dependent action of DEAD/H-box RNP unwindases, including PRP5 as
well as others in the transition from the “E-* to “A-* complexes.

Despite extensive biochemical study, only recently has light been shed on the precise
locations and interactions mediated by the MDS-relevant residues of SF3B1 and U2AF1.
Breakthrough cryo-electron microscopy (cryoEM) structures of spliceosome intermediates
isolated from yeast include an SF3B1-containing complex that is likely to represent a BACT-
stage spliceosome [43, 44]. Although current spliceosome structures lack the U2AF1 subunit
per se, two subunits (Cwc2 and Cwc24) share structural similarity to the mutated U2AF1
domains. Altogether, the spliceosome structures show that the MDS-relevant SF3B1
hotspots contact the pre-mRNA and also suggest that the mutated U2AF1 residues contact
the 3" splice site. Crystal structures of the human SF3b particle [45] and separately, of
fission yeast U2AF1 bound to a U2AF2 fragment [46] further detail the hotspot locations.
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Below, we discuss the molecular-mechanisms of MDS-relevant mutations and new insights
gained from these SF3B1 and U2AF1 structures.

Cancer-relevant SF3B1 mutations promote cryptic 3’ splice sites via

alternative BPS

SF3B1 is the most frequently mutated splicing factor among a broad range of myeloid
neoplasms and solid tumors. The somatic mutations of the SF3B1 gene are particularly
prevalent among patients with RARS (50-75% frequencies) [2, 8], uveal melanoma (15—
20% frequencies) [10, 11, 47], and CLL (~15% frequency) [5, 6]. SF381 mutations also
recur among pancreatic or breast cancers (2—4% frequencies) [12-15, 48]. Major hotspots
for cancer-relevant SF3B81 mutations are located on the fifth to eighth sequence repeats of
the protein, which structures map to the fourth to seventh a-helical “HEAT” repeats (HR)
(Figure 1A). A K700E substitution is the most frequent SF381 mutation among hematologic
malignancies as well as pancreatic and breast cancers, whereas mutations of R625 (and in
some cases K666) predominate in uveal melanomas. Several groups have demonstrated that
SF3B1 mutations in cancers and hematologic malignancies are associated with altered
selection of 3" splice sites for a subset of transcripts [47, 49-52], including splicing-induced
down-regulation of an iron transporter that may increase iron accumulation in RARS [53].

Two recent studies further investigate the molecular mechanisms for altered 3" splice site
choice in the presence of mutant SF3B1 (SF3B1MYT) (Figure 2A) [24, 25]. The studies
converge on a key set of common conclusions across a range of sample contexts and SF3B81
mutations, including K700E/R625/K666 and other mutations in CLL samples, a few solid
tumors, and pancreatic cancer cell lines [25] or K625/K666 mutations in uveal melanoma
patient samples and minigene models in cell lines [24]. Both aberrant and normal 3" splice
sites show a consensus “AG” splice site signal preceding the intron-exon junction.
SF3BIMUT stimulates use of cryptic 3" splice sites (AG”) clustered in a —12 to —24
nucleotide window upstream of the normal splice site (AG0). Importantly, an A-containing
sequence that resembles a BPS splice site signal (BPS’) is located —11 to —14 nucleotides
upstream of each aberrant AG’. Indeed, the predicted complementarity of this pre-mRNA
region for annealing with the U2 snRNA, and hence “strength” was greater for BPS’ than
for a normal BPS (BPS?). Mutagenesis and experimental mapping confirmed that these
upstream adenosines are used as the branch sites during intron lariat excision from the
SF3B1MUT_sensitive splice sites. Diverse proposals have been made to explain the switch to
BPS” and AG” in the presence of mutant SF3B1, including that mutations could enhance
SF3BIMUT interactions with pre-mRNA sequences flanking BPS’, decrease SF3B1MUT
interactions with BPS?, and/or trigger a conformational change in SF3B1MYT such that the
“stronger” complementarity of U2 snRNA for BPS” in turn outweighs BPS? [24, 25].
Recent structural information raises a striking variation of these hypotheses, namely that
hotspot SF3B1 mutations could influence the conformation of the bound pre-mRNA splice
site.
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The 3.5 A resolution structure of yeast SF3B1 in the BACT spliceosome shows an a-helical
HEAT domain encircling 23 nucleotides of the pre-mRNA strand [43] (Figure 2B). As
mentioned above, the observed number of HR in SF3B1 [43, 45] is less than predicted based
on primary sequence analysis [54]. Instead, the 3.1 A resolution human SF3B1 structure
shows that the HEAT domain is led and capped by single a-helices [45] rather than the two
antiparallel a-helices that formally compose an HR (reviewed in [55]). Deep within the
curved SF3B1 structure, the BPS-U2 snRNA duplex is gripped in a vise comprising an N-
terminal HEAT repeat (HR1) in the minor groove and several C-terminal HEAT repeats
(HR14-HR19) lining the pre-mRNA phosphodiester backbone. Notably, a key residue for
which mutation to histidine confers resistance to the cell-cycle inhibitor pladienolide and its
derivatives (R1074 in HR15) [56] contributes part of the binding pocket for an extrahelical
branch site adenosine. Indeed, unassigned electron density in the SF3B1 crystal structure is
likely to reflect co-purified branch site RNA [45]. To the 5" side of the BPS, 20 nucleotides
of single-stranded pre-mRNA cross the concave SF3B1 surface and terminate immediately
following a kink at the hotspot residues. A typical BPS---AG separation of approximately 25
nucleotides among human transcripts [57] suggests that the intron-exon junction either
corresponds to or closely follows the 5” terminus of the SF3B1-bound pre-mRNA in the
BACT spliceosome structure.

Superposition maps the mutational hotspots of the human SF3BL1 structure on the yeast
homologue in the BACT spliceosome (Figure 2B). The SF3B1 hotspots occur in four
consecutive HR’s (HR4-HR7) near the N-terminus of the HEAT domain. These key residues
are consistently located at the N-terminal tips of the second a-helices in the two-helix HR
units, where several positively-charged residues complement the a-helical dipole moments
for interactions with negatively-charged RNA. The side chains align in a spatially
contiguous surface that appears to stabilize a kinked conformation for the 5" nucleotides of
the bound pre-mRNA. Most commonly, the recurrent mutations drastically change the shape
and charge of the affected residue (e.g. K700E). As such, the hotspot amino acid
substitutions are expected to disrupt local RNA interactions and dissociate the 5° end of the
pre-mRNA from the SF3BIMUT protein surface. Since the mutated RNA binding site is
located approximately ten nucleotides from the preceding pre-mRNA contact on SF3B1
HR9 and also concludes with a unique purine that could correspond to the normal AG splice
site signal, impaired pre-mRNA interactions at this interface would explain the up to ten
nucleotides shorter BPS’---AG’ distance preferred by SF3B1MYT compared to normal
BPS---AG spacings [24, 25]. As such, the RNA-bound SF3B1 structure in the BACT
spliceosome suggests that hotspot mutations could alter the SF3BIMUYT_hound conformation
of the pre-mRNA, rather than RNA-sequence specificity or the protein conformation itself.

Cancer-relevant U2AF1 mutations promote alternative 3’ splice sites

Acquired mutations of the UZAF1 splicing factor are common among hematopoietic
malignancies [1, 3, 4], particularly MDS without ring sideroblasts (~11%), secondary AML
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(~9%), or CMML (8-11%), as well as hairy-cell leukemia-variant (HCLv) (10%) [58].
Among solid tumors, U2AF1 is mutated in pancreatic ductal adenocarcinomas at similar
frequencies as SF3B1 (~2% frequency) [13] and is the major mutated splicing factor gene
found in lung adenocarcinomas (~3% frequency) [16, 17]. The hotspot mutations of UZAF1
narrowly focus on the codons for residues S34 and Q157. Indeed, S34F mutations account
for 60-80% of UZAFI mutations in MDS [1, 3] and nearly all documented UZAF1
mutations in HCLv, lung adenocarcinomas and pancreatic cancers [13, 16]. Less frequently,
the S34 residue changes to a tyrosine (10-15% of UZAFI mutations in MDS), which shares
similar aromatic properties with the phenylalanine, or the Q157 residue changes to either
proline or arginine (up to 20% of UZAFI mutations in MDS) [1, 3]. The UZAFI mutations
are associated with altered splicing of approximately 5% of gene transcripts in patient
samples and cell lines [59-62], primarily due to cassette exon skipping/inclusion or to a
lesser extent, alternative 3" splice site choice. As for SF381 mutations, the splicing events
that are affected by UZAFI mutations have low overlap with those affected by U2AF1
knockdown [21, 62], which suggested that these mutations subtly alter recognition of splice
sites rather than completely disable the spliceosome. The mis-spliced genes fall into cancer-
relevant pathways, including DNA damage response, epigenetic regulation, and apoptosis.
Recently, the U2AF1 S34F mutation was discovered to increase use of distal cleavage and
polyadenylation sites (~40% frequency among S34F-affected transcripts in a BaF3 cell line)
[63]. Here we focus on the molecular mechanisms underlying altered 3" splice site choice in
the presence of mutant UZAF1, which hitherto has been the major research focus in the
field, and touch on potential extensions to polyadenylation in the last section.

The splicing events that are altered by S34 versus Q157 mutations of UZAF1 segregate into
distinct groups (Figure 3). Each of these groups shares common sequence trends
surrounding the conserved “AG” consensus: S34 mutants preferentially skip splice junctions
preceded by a —3U and splice those preceded by —3C/A [59-62], whereas Q157 mutants
preferentially skip splice junctions followed by a +1A and splice those followed by +1G
[62]. Minigenes and /n vitro splicing assays of defined splice site variants recapitulate these
S34F-dependent sequence trends [62]. The minimal U2AF heterodimer from fission yeast
(SpU2AFMIN) and separately, nearly full length human U2AF1-U2AF2 complexes with
SF1 have been prepared in sufficient quantities for quantitative RNA binding assays [21, 61,
64]. The S34F mutation reduced association of the SpU2AFMIN protein with a core 5-
nucleotide RNA oligonucleotide (5'-CUAGG, AG consensus underlined, -3 and +1
nucleotides in bold) [64], although the weak binding affinity was beyond the limit of the
isothermal titration calorimetry (ITC) experiment (>3-fold penalties reduce the c-value =
[macromolecule in sample cell]/Kp to below the limit of ~10 for a reliable fit [65]). A subtle
increase in RNA binding, rather than decrease, was observed for SpU2AFMIN carrying the
counterpart of the Q157R mutation to this RNA (by ~2-fold) [64]. Although surprisingly
different, these mutation-induced changes in SpU2AFMIN binding the CUAGG RNA
matched the sequence trends among affected splice sites; namely, the S34F mutant suffers a
penalty for binding a —3U RNA, which is typically skipped in affected splice sites, whereas
mutation of the Q157R counterpart prefers to bind a +1G RNA, which is typically spliced in
affected splice sites. We used quantitative fluorescence anisotropy assays to compare a series
of splice site RNAs with various —3 nucleotides binding to S34F or WT variants of human
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ternary U2AF1-U2AF2-SF1 complexes [21, 61]. Although the changes in RNA binding due
to the S34F mutation were mild (2- to 7-fold), in nearly all cases these binding trends
matched the observed consequences for splicing: The S34F mutation typically decreased
U2AF1 binding to sites preceded by —3U and in some cases increased affinity for —3C.
Altogether, these results support a hypothesis in the field that the S34 residue of U2AF1
recognizes the -3 nucleotide, whereas Q157 recognizes the +1 nucleotide of the 3" splice
site junction, and mutations alter this recognition for affected splice sites. Below we discuss
support for this hypothesis gained from new structures of apo-SpU2AFMIN and structurally
homologous spliceosome subunits bound to RNA.

RNA contacts in homologous structures support roles for U2AF1 hotspots

in splice site recognition

The U2AF1 hotspots are located in two CCCH-type zinc knuckles that surround the U2AF2-
heterodimerization motif (UHM, [40]), namely S34 is in the N-terminal ZnK1 and Q157 in
the C-terminal ZnK2 (Figure 1A). Until recently, ZnK—-RNA complexes were limited to two
structures: an NMR structure of TI1S11d, which comprises tandem ZnK1 and ZnK2 bound to
an AU-rich mRNA regulatory element [66], and a 1.7 A resolution crystal structure of the
alternative splicing regulator MBNL1, which comprises a GCU-containing RNA bound to
tandem ZnK1 and ZnK2 (formally ZnK3 and ZnK4 in the intact MBNLL1 protein sequence)
[67]. Despite laudatory efforts [46, 62], generating a reliable model of the U2AF1-RNA
complex based solely on these prior structures has met several challenges. First, the 5”-to-3’
orientations of the RNA strands relative to the bound ZnK show opposite directions between
the MBNL1 and TIS11d structures (Figure 4A-B). This discrepancy was surprising
considering that other RNP fold families share similar protein-RNA orientations (e.g. [55,
68, 69]). Second, the global conformations of the tandem ZnK1 and ZnK2 differ between
the two structures: the MBNL1 ZnK1 and ZnK2 each bind separate RNA strands whereas
the TIS11d ZnK1 and ZnK2 bind adjacent sites of a contiguous oligonucleotide. The new
spliceosome structures now reveal two examples of CCCH-type ZnK’s bound to RNA:
CWC24 bound to the 5" exon of the BACT complex [43] and CWC2 bound to U6 snRNA in
the BACT, C, C*, and ILS complexes [43, 44, 70-75]. Moreover, the recent SpU2AFMIN
structure [46] contains the full length fission yeast U2AF1 subunit, which shares 55%
sequence identity with human U2AF1 and as such provides a reliable starting point for
modeling putative RNA interactions with the mutated ZnK1/ZnK2 domains.

The U2AF1 ZnK1 shows the greatest sequence identity with CWC24 ZnK (40% identity)
whereas the U2AF1 ZnK2 resembles MBNL1 ZnK1 (45% identity) (Figure 4C).
Comparison among the ZnK structures shows that the bound RNA conformation of the
CWC24 ZnK closely resembles those of MBNL1 ZnK1 and ZnK2 (Figure 4A). The CWC2
ZnK—RNA also shares a similar 5'-to-3" orientation of the RNA strand compared to the
CWC24 and MBNL1 structures, although the exact trajectory of the RNA changes by
approximately 30° (Figure 4B). In contrast, the orientation of the TIS11d-bound RNA strand
runs antiparallel relative to other ZnK—-RNA structures determined to-date (Figure 4B).
Further expansion of available ZnK—-RNA structures is needed to fully discern themes from
outliers. Regardless, the CWC24, CWC2, MBNLL1, and TIS11d structures already establish
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versatile means for single-stranded RNA recognition by ZnK modules, analogous to the
diverse RNA interactions by members of the well-characterized RRM fold family [76].

Mutations of S34 or Q157 to phenylalanine or proline are expected to have little impact on
the protein fold, considering their respective locations in either an unstructured loop or the
N-terminal turn of an a-helix, which does not require backbone hydrogen bonds for proper
folding. Instead, sequence-specific RNA interactions appear likely to be affected. The S34
counterpart of CWC24, as well as of its structural paralogues MBNL1 ZnK1 or ZnK2,
interact with the 5 terminal nucleotide of the bound dinucleotide. For CWC24, this residue
(K160) donates hydrogen bonds from the peptide backbone to a guanine base and from the
side chain to the ribose oxygen (Figure 4C, left). Although the exact consequences of the
hotspot phenylalanine substitution are unpredictable, introduction of a bulky aromatic side
chain certainly would alter the nucleotide position and interactions at this site. The Q157
counterparts of MBNL1 ZnK1, MBNL1 ZnK2, or CWC24 ZnK primarily interact with the
3’ terminal nucleotide of the bound dinucleotide. By analogy, the hotspot mutation of Q157
to a proline residue, which lacks the peptide N-H group, would obliterate a peptide hydrogen
bond to the nucleobase. Likewise, a side chain-mediated hydrogen bond to the adjacent
nucleobase would be lost.

The SpU2AFMIN strycture provides a reliable scaffold for assembly of these homologous,
RNA-bound structures in a composite model (Figure 4D). Together following superposition
on the respective SpU2AF1 ZnK1 and ZnK2, bound dinucleotides of the CWC24 and
MBNL1 structures form a contiguous RNA strand following addition of a single
phosphodiester bond. Inserting an additional nucleotide in the sequence would either bulge
the central nucleotide or require a conformational change that separates U2AF1 ZnK1 from
ZnK2. The C-terminus of the heterodimeric SpU2AF2 is oriented towards the 5” of the
RNA strand, consistent with the C-terminal U2AF2 RRMs binding the upstream Py tract
signal [77, 78]. The position of the SpU2AF2 N-terminus facing the RNA 3" terminus is
consistent with directed hydroxyl radical footprinting of the U2AF2 RS domain in the
downstream exon [79]. However, footprinting of the U2AF2 N-terminus within the BPS [79,
80] suggests that the RS domain is dynamic and/or that the RNA conformation is bent. If we
reverse the U2AF1-bound RNA conformation to match that of TIS11d [66], the swapped
orientations of these interacting domains contradict biochemical results. Indeed,
superposition of SpU2AF1 with the CWC24 and MBNL1 naturally bridges the ZnK1 and
ZnK2 with a 4-nucleotide RNA, consistent with locations of the —3 nucleotide of the intron
and the +1 nucleotide of the exon adjacent the S34 and Q157 residues (Figure 4D).
Although alternative models have yet to be ruled out, these structural comparisons support a
direct role for U2AF1 hotspots in sequence-specific read-out of splice site junctions.

Concluding Remarks

Recent structural information, together with sequence trends among affected splice sites,
implicate the cancer-relevant mutational hotspots of SF3B1 and U2AF1 in pre-mRNA splice
site contacts. Yet, additional evidence is needed to fully understand the mechanistic
underpinnings and downstream consequences of recurrent splicing factor mutations
(Outstanding Questions). Already, the RNA binding affinities of recombinant U2AF1
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proteins supports the importance of the S34 and Q157 residues for recognizing the —3 and
+1 nucleotides surrounding the 3" splice site junction [21, 61, 64]. Although the
recombinant SF3BIMUT protein remains capable of RNA binding at saturating
concentrations [45], the RNA affinities and specificities of SF3B1 and its mutated variants
remain to be evaluated for “strong” (consensus) compared to “weak” (divergent) splice sites.
Regardless, a mutation-induced conformational change in the bound RNA would not
necessarily alter the apparent RNA affinity and instead calls for structural characterization.
Greater changes in the rate constants of RNA binding could underlie subtle apparent
changes in the equilibrium RNA binding of mutant compared to WT splicing factors.
Accordingly, the U2AF1 S34F mutation appears to delay the rate of spliced transcript
release [81], which in turn is expected to alter splice site choice (reviewed in [82]). Notably,
the P95 hotspot of SRSF2, which is frequently mutated among CMML patients, also is
located at its RNA interface [83] and interferes with RNA binding when mutated [26, 84].
Such roles for hotspot residues in contacting pre-mRNA splice sites may emerge as a
common theme among MDS-relevant mutations of splicing factors.

Outstanding Questions

. Do SF3B1 hotspot mutations alter the bound pre-mRNA conformation and
does this structural mechanism underlie aberrant splice site choice?

. Do SF3B1 hotspot mutations alter pre-mRNA binding?

. Does altered RNA binding by SF3B1 hotspot mutations contribute to altered
protein cofactor functions, for example of PRP5?

. Do SF3b1 hotspot mutations affect auxiliary SF3b1 functions, for example
nucleosome association?

. Do U2AF1 or SF3B1 hotspot mutations alter the rates of pre-mRNA binding
and release?

. What is the structure of the U2AF1-3" splice site RNA complex and do its
S34 and Q157 hotspots recognize RNA, as predicted by RNA binding studies
and sequence trends among affected splice sites?

. Does altered RNA binding by U2AF1 hotspot mutations contribute to altered
polyadenylation in the presence of these mutations?

. What is the molecular pathway to cancer following pre-mRNA splicing factor
mutations?

Yet, RNA interactions by splicing factor hotspots offer only a partial, albeit potentially
complementary, explanation for multifaceted effects of hotspot mutations. Recently, the
DEAD-box RNP-unwindase PRP5 (also called DDX46) was found to interact genetically
and physically with the yeast SF3B1 homologue (called HSH155), and hotspot mutations
altered this interaction [85, 86]. Considering SF3B1-RNA contacts, an appropriate
conformation of the SF3B1-pre-mRNA complex could serve as a checkpoint for the ATPase
activity of PRP5, which is required for stable association of the U2 snRNA with the BPS.
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Auxiliary to pre-mRNA splicing, the impacts of SF3B1 mutations on its chromatin
association with and nucleosome positioning [87] have yet to be tested. For U2AF1, the
S34F mutation already has been found to alter the cleavage and polyadenylation sites of a
subset of affected transcripts. In particular, S34F-associated use of a distal polyadenylation
site in the ATG7transcript was sufficient to transform BaF3 or small airway cell lines, and
also was observed in patient samples [63]. Although the coupling of pre-mRNA splicing to
cleavage and polyadenylation and specific association of U2AF subunits with
polyadenylation factors have been established ([36], reviewed in [88]) how these processes
crosstalk in the downstream progression of U2AF1 mutations to malignancies remains an
outstanding question. Altogether, current findings represent only a starting point for fully
understanding the mechanistic effects of recurrent splicing factor mutations. Future efforts to
elucidate these possibilities would guide longer-term efforts to exploit the therapeutic
potential of spliceosome inhibitors [90], as recently highlighted by the spliceosome-
sensitivity of MY C-driven cancers [91-93].
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Trends

Mutations of pre-mRNA splicing factors are common acquired mutations
among patients with MDS and related myeloid neoplasms, and also recur in
certain solid tumors.

“Hotspot” mutations of pre-mRNA splicing factors alter splicing of a subset
of transcripts.

Structures of the activated B-stage spliceosome show SF3B1 hotspots
contacting the pre-mRNA splice site.

Hotspot mutations of U2AF1 alter its binding affinity for splice site RNAs in
a manner that correlates with changes in pre-mRNA splicing.

An apo-structure of a fission yeast homologue shows U2AF1 hotspot
locations on zinc knuckle surfaces and structural homology suggests that
these residues contact RNA.
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Figure 1.
SF3B1 and U2AF1 domains and functions in pre-mRNA splicing. (A) SF3B1 (top, yellow)

and U2AF1 (bottom, cyan) domains and positions of mutational “hotspots” (red) [115, 116].
N626 only recently was classified as statistically significant hotspot across tumors [116] and
is shown in lighter font. Mutation of R1074 (green) confers pladienolide-resistance. ULM,
U2AF ligand motif; p14, p14-binding site; HR, HEAT repeat motif; ZnK, zinc knuckle
motif; UHM, U2AF homology motif; RS/Gly-rich, arginine-serine-rich repeats with poly-
glycine stretch. (B) SF3B1 and U2AF1 roles in the early stages of spliceosome assembly at
the 3" splice site. SNRNP, small nuclear ribonucleoprotein particle; BPS, branch point
sequence; ESE, exonic splicing enhancer; Py, polypyrimidine; AG, adenosine-guanosine
consensus sequence preceding the 3" splice site (SS).
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SF3B1 hotspot mutations alter branchpoint choice and cluster at a pre-mRNA “kink”. (A)

Schematic representation of the effect of SF3B1MYT on pre-mRNA splicing. SF3B1MUT
(red) promotes use of an upstream aberrant 3" splice site junction (AG”) and BPS (A"),
which differs from the normal 3" splice site (AG) and BPS? (A) of SF3B1WT (black).
Exons, black rectangles; introns, horizontal lines; spliced junctions connected. (B) Structure
of Saccharomyces cerevisiae SF3BL1 (alternating HEAT repeats are yellow and gold) in the
BACT spliceosome (PDB ID 5GM6) bound to pre-mRNA (magenta), which in turn anneals
with U2 snRNA (gray). Pre-mRNA nucleotides are numbered from 1 at the branchpoint
adenosine (violet) to 20 at the sole putative purine nucleotide, which may correspond to —2A
of the conserved AG dinucleotide preceding the intron-exon junction. Mutational hotspots
(red) are represented as spheres on the left and inset as ball-and-stick diagrams on the right.
Dashed lines indicate putative hotspot-nucleotide interactions, although the overall 3.5 A
resolution limits interpretation. Single letter amino acid codes and residue numbers obtained
from superposition with human SF3B1 (PDB ID 5IFE) are shown for clarity. The two yeast
amino acids that differ in identity from the human homologue (P369 for K700 and V411 for
G742) are given in parentheses and italics. Other yeast SF3B1 residues correspond to the
following human residues: E291 for E622; R294 for R625; N295 for N626; H331 for H662;
K335 for K666. Yeast SF3B1 R743 matches human R1074 (green), for which mutation
confers pladienolide-resistance.
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Schematic representation of the effects of U2AF1 mutations on pre-mRNA splicing. (A)
Mutations of U2AF1 S34 to F or Y (S34F/Y) sense the identity of the nucleotide at the -3
position (three nucleotides preceding) the intron-exon junction, typically promoting
inclusion of sites preceded by —3C (blue) and skipping sites preceded by —3U (red). (B)
Mutations of U2AF1 Q157 to P or R (Q157P/R) sense the identity of the nucleotide at the
+1 position immediately following the intron-exon junction, typically promoting inclusion
of sites followed by +1G (yellow) and skipping sites followed by +1A (green). Exons, black
or gray rectangles; spliced junctions are connected by lines.
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Figure 4.
Structural comparisons support RNA contacts by U2AF1 hotspots. For clarity of viewing the

affected interactions, Panels A—C are rotated two-fold about the y-axis relative to Panel D.
Panel D is oriented in the typical 5'—=3" direction of the splice site consensus sequence. (A)
Superpositions of MBNL1 ZnK1 (cyan) or ZnK2 (blue) (PDB ID 3D2S), CWC24 ZnK
(magenta) (PDB 1D 5GM6), and SpU2AF1 ZnK2 on SpU2AF1 ZnK1 (gray) (PDB ID
4YHB8) by matching Ca. atoms show similar RNA orientation and nucleotide binding sites.
(B) Superpositions of TIS11d ZnK1 (yellow) or ZnK2 (salmon) (PDB ID 1RGO), CWC2
ZnK (green) (PDB ID 5GMK) and SpU2AF1 ZnK2 on SpU2AF1 ZnK1 (gray) (PDB ID
4YH8) show that the angle of the CWC2 RNA differs from the MBNL1 family and that the
T1S11d-bound RNA runs antiparallel relative to other ZnK structures. (C) RNA-interactions
of residues matching S34 (K160) or Q157 (E187) (ball-and-stick) shown for the closest
structural homologs of U2AF1 ZnK1 (CWC24, magenta, left) or ZnK2 (MBNL1, cyan,
right). Sequence identities of the indicated structures compared with human U2AF1 ZnK1 or
ZnK2 and RMSD with matching SpU2AF1 Ca atoms are boxed. (D) Solvent-accessible
surface of SpU2AF1 (cyan) (PDB ID 4YH8) bound to RNA derived from the CWC24 and
MBNL1 ZnK structures. Two dinucleotides are connected by a de novo phosphate following
superposition of matching Ca atoms. The nucleotide sequence was mutated to the splice site
consensus (magenta label, “|” intron-exon junction). Alternative R28 and R150 rotamers
were chosen to interact with the phosphodiester linkage and accommodate the bound
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nucleobase. Arrows indicate known pre-mRNA interactions with the N- and C-terminal
domains of SpU2AF2 (gray) surrounding but absent from the bound fragment in the
SpU2AF heterodimer. U2AF1 hotspots are red spheres.

Trends Genet. Author manuscript; available in PMC 2018 May 01.



	Abstract
	Recurrent Somatic Mutations of Pre-mRNA Splicing Factors in Cancers
	SF3B1 and U2AF1 Splicing Factors Function in Spliceosome Assembly
	Cancer-relevant SF3B1 mutations promote cryptic 3′ splice sites via alternative BPS
	Spatial locations point to roles for SF3B1 hotspots in 3′ splice site conformation
	Cancer-relevant U2AF1 mutations promote alternative 3′ splice sites
	RNA contacts in homologous structures support roles for U2AF1 hotspots in splice site recognition
	Concluding Remarks
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

