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Abstract

The innate immune response plays a key role in fighting infection by activating inflammation
and stimulating the adaptive immune response. However, chronic activation of innate im-
munity can contribute to the pathogenesis of many diseases with an inflammatory compo-
nent. Thus, various negatively acting factors turn off innate immunity subsequent to its
activation to ensure that inflammation is self-limiting and to prevent inflammatory disease.
These negatively acting pathways include the production of inhibitory acting alternate pro-
teins encoded by alternative mRNA splice forms of genes in Toll-like receptor (TLR) signal-
ing pathways. We previously found that the SF3a mRNA splicing complex was required for
a robust innate immune response; SF3a acts to promote inflammation in part by inhibiting
the production of a negatively acting splice form of the TLR signaling adaptor MyD88. Here
we inhibit SF3a1 using RNAi and subsequently perform an RNAseq study to identify the full
complement of genes and splicing events regulated by SF3a in murine macrophages. Sur-
prisingly, in macrophages, SF3a has significant preference for mMRNA splicing events within
innate immune signaling pathways compared with other biological pathways, thereby affect-
ing the splicing of specific genes in the TLR signaling pathway to modulate the innate im-
mune response.

Author Summary

Within minutes after we are exposed to pathogens, our bodies react with a rapid response
known as the “innate immune response.” This arm of the immune response regulates the
process of inflammation, in which various immune cells are recruited to sites of infection
and are activated to produce a host of antimicrobial compounds. This response is critical
to fight infection. However, this response, if it is activated too strongly or if it becomes
chronic, can do damage and can contribute to numerous very common diseases ranging
from atherosclerosis to asthma to cancer. Thus it is essential that this response be tightly
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regulated, turned on when we have an infection, and turned off when not needed. We are
investigating a mechanism that helps turn off this response, to ensure that inflammation is
limited to prevent inflammatory disease. This mechanism involves the production of alter-
nate forms of RNAs and proteins that control inflammation. We have discovered that a
protein known as SF3al can regulate the expression of these alternate inhibitory RNA
forms and are investigating how to use this knowledge to better control inflammation.

Introduction

While the innate immune response plays a critical role in fighting infection, overactive or
chronically activated innate immunity can contribute to many diseases with an inflammatory
component [1-4]. Thus to fight infection without inducing inflammatory disease, a complex
regulatory system has evolved to activate innate immunity when humans are exposed to patho-
gens and then turn the system off after a period of time to ensure that it is self-limiting. One
family of innate immune receptors that senses pathogenic components is the Toll-like receptor
(TLR) family. Different TLRs respond to different pathogenic stimuli; for example, TLR4 is ac-
tivated in the presence of lipopolysaccharide (LPS) from Gram negative bacteria [5,6]. Binding
of LPS to TLR4 and its co-receptor MD-2 leads to recruitment and activation of the signaling
adaptor MyD88, which in turn recruits a family of related kinases: IRAK4, IRAKI, and IRAK2
[7]. This signaling cascade continues, culminating in the activation of the transcription factor
NF«B and the activation of several MAP kinase pathways [7]. This in turn leads to the produc-
tion of, among other things, inflammatory cytokines.

One mechanism that has evolved to ensure that TLR4 activation is self-limiting is the feed-
back-induced production of a variety of negative regulators of TLR signaling [8-14] including
the production of alternatively spliced forms of TLR signaling components [15-25]. For exam-
ple, while the LPS receptor TLR4 is encoded by a three exon mRNA, an alternately spliced
mRNA that includes an extra exon between exons two and three has been identified [18].

This extra exon introduces a premature stop codon, resulting in the production of a soluble
fragment of TLR4 (sTLR4) that can bind LPS but that cannot signal to the downstream com-
ponents of the pathway. Thus, sTLR4 acts as a dominant inhibitor of TLR signaling [18]. Simi-
larly, negatively acting splice forms of MD-2, MyD88, IRAK1, IRAK2, and many other TLR
signaling components have been described [15-25]. The production of many of these negative-
ly acting alternate splice forms is induced by LPS stimulation [16-19], suggesting that the in-
flammatory stimulus mediates its own negative feedback loop to limit the innate immune
response, thereby preventing inflammatory disease.

While RNAseq and individual gene studies have determined that alternative splicing is an
important regulatory mechanism to control TLR signaling, thus far there has been only limited
investigation of how this alternative pre-mRNA splicing is regulated. We have identified the
SF3a and SF3b mRNA splicing complexes as novel regulators of innate immunity [26,27].
These mRNA splicing complexes bind to the U2 small nuclear ribonucleoprotein (snRNP),
which in turn binds to the branch site near the 3’ end of introns to control mRNA splicing with
the rest of the spliceosome [28-34]. Weakening of U2 snRNP activity is expected to perturb
mRNA splicing, causing exon skipping or intron retention [35-38]. We found that inhibition
of SF3a or SF3b by RNAI or a pharmacological agent in mouse or human macrophages weak-
ened the innate immune response induced by several TLR agonists including LPS [26,27]. In
particular, SF3al inhibition diminished the LPS-induced production of IL-6, TNFa, RANTES,
and IL-10 [27]. Importantly, this effect on innate immunity occurred at a level of gene
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inhibition (roughly 80%) that did not affect general cell functions such as viability or phagocy-
tosis [26]. This suggests that inflammatory signaling pathways may be more sensitive to pertur-
bation of the spliceosome than other pathways. Consistent with this theory, RNAi-mediated
inhibition of Eftud2, which functions with the U5 snRNP at a later stage of spliceosome assem-
bly [30,39-45], also weakened the innate immune response to LPS without affecting cell viabili-
ty [46]; in contrast, overexpression of Eftud2 increased the response to LPS [46].

The effects of these splicing factors on innate immunity are mediated in part by control of
alternative splicing of MyD88 [26,46]. MyD88 is encoded by a five-exon mRNA (long form or
MyD88; ) that encodes the positively acting TLR signaling adaptor. A shorter mRNA lacking
exon 2 (MyD88s) encodes a dominantly acting negative regulator of TLR signaling that pre-
vents IRAK activation [15,19,20]. Inhibition of SF3a, SF3b, or Eftud2 leads to an increase in
the production of MyD88s, which in part explains the effect of these mRNA splicing genes on
innate immunity [26,46]. However, our data indicated that other TLR signaling components
also likely mediate the effects of mRNA splicing genes on innate immunity [26]. Based on
these data, we have hypothesized that the splice site choices in MyD88 and perhaps other TLR
signaling genes have evolved to be exquisitely sensitive to cellular conditions because of their
functional significance, and may be key regulatory points of a mechanism to limit
inflammation.

To better understand the effects of the spliceosome on TLR signaling, we now use RNAseq
to examine the full complement of genes and splicing events regulated by the SF3a complex in
mouse macrophages. We find that key cis-acting regulatory sequences mediate the effects of
SF3a on alternative splicing. In keeping with our hypothesis, pathway analyses of these data in-
dicate that TLR signaling and other innate immune signaling pathways are among the most
sensitive pathways to inhibition of SF3al in macrophages. We find several genes in TLR path-
ways whose expression or mRNA splicing are altered by SF3al inhibition. These include the
production of the known negative regulatory splice form of TLR4 as well as a newly identified
negatively acting splice form of IKK. Thus, SF3al regulates innate immunity by controlling
multiple mRNA splicing events in TLR signaling pathways in macrophages.

Results

Strategy to analyze the effects of SF3a1 inhibition

A schematic outlining our experimental strategy is depicted in Fig. 1. To test the effect of SF3al
inhibition, the RAW264.7 mouse macrophage cell line was treated with either SF3al siRNA

or control non-targeting siRNA. Following siRNA treatment, the cells were exposed for four
hours to either 20 ng/ml LPS or no LPS as a control. All siRNA treatments and subsequent
LPS exposures were performed in triplicate, resulting in 12 total samples analyzed by RNAseq
(Fig. 1A). Following the LPS exposures, supernatant was collected for ELISA analysis to verify
that, as expected, LPS induced IL-6 production and that SF3al siRNA treatment inhibited
LPS-induced IL-6 production. RNA was purified from the adherent cells for qPCR analysis to
verify SF3al gene knockdown (~ 80%) and for RNAseq analysis. No effects on viability were
observed at this level of knockdown [26].

Three different experimental comparisons were monitored (Fig. 1A): (1) the effect of LPS
was monitored by comparing the effects of control siRNA treatment in either the absence or
presence of LPS; (2) the effect of SF3al inhibition in the absence of LPS; and (3) the effect of
SF3al inhibition in the presence of LPS. Several computational approaches were taken for this
analysis as outlined below.

To investigate the global effects of SF3a on mRNA splicing, we used the MISO [47] software
package (Fig. 1B, S1-S5 Tables). MISO identifies changes in mRNA splicing by mapping
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Figure 1. Plan to investigate the effect of SF3a1 inhibition. The schematic depicts our experimental approach for investigating the effect of SF3a1
inhibition on MRNA splicing and innate immunity. Mouse RAW264.7 cells were treated with either SF3a1 siRNA or control siRNA and subsequently exposed
(or not) to LPS. These mRNA samples were then subjected to poly-A mRNA sequencing (A). The sequence data were then analyzed using MISO (B) to
determine the global effects of SF3a1 on alternative pre-mRNA splicing and to investigate intron sequences that mediated these alternative splicing effects
(C). The sequence data also were analyzed using DESeq, DEXSeq, and Cuffdiff to identify genes and isoforms whose expression was regulated by SF3a1
(B). This gene- and isoform-level analysis was in turn used for pathway analysis (D) and to identify specific TLR signaling pathway genes that mediate the

effects of SF3a on innate immunity (E).

doi:10.1371/journal.pgen.1004932.9001

RNAseq data onto pre-identified intron and exon isoform structures from a subset of genes.
These data were in turn used for computational analyses of intron and exon sequences that
regulate mRNA splicing (Fig. 1C).

To determine how SF3a affects innate immunity, three different software packages (DESeq,
DEXSeq, and Cuftlinks) were used to identify genes and gene isoforms whose expression was
regulated by SF3a (Fig. 1B). DESeq [48] maps RN Aseq data onto pre-identified gene structures.
Thus this gene-level analysis can be used to identify changes in total expression of each gene
(S6-S8 Tables), but cannot identify changes in isoform usage. In contrast, DEXSeq [49], which
performs an exon-by-exon level analysis of RN Aseq data, was used to identify changes in exon
expression and therefore isoform usage (S9-S11 Tables). Finally, Cufflinks [50,51], which un-
like the other software packages that compare sequence data to known transcripts, analyzes the
sequence data de novo to identify both known and novel transcripts, which can then be com-
pared between experiments using Cuffdift (512-S18 Tables). These gene and isoform lists were
then used to inform pathway analysis with the GATHER [52] and DAVID [53,54] software
tools (Fig. 1D) and also were used to identify genes responsible for mediating the effects of
splicing factors on innate immunity (Fig. 1E).

Effects of LPS on gene expression and alternative splicing

As expected, treatment with LPS increased mRNA levels for numerous cytokines and chemo-
kines (S6 Table) including but not limited to TNFa, IL-6, IL-1f, and IL-12. Among the top
pathways altered by LPS at both the gene level (S6 Table) and exon level (S9 Table) were innate
immune signaling pathways: TLR signaling, cytokine-cytokine receptor signaling, and MAP
Kinase signaling (Table 1). Thus, LPS stimulation alters the expression of LPS-response genes
at both the gene and isoform levels.
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Table 1. Pathways affected by LPS Treatment.

DESeq

# Annotation* Genes in pathways P-value
1 path:mmu04060: Cytokine-cytokine receptor interaction 146 0.0010
2 path:mmu00190: Oxidative phosphorylation 5 0.0014
3 path:mmu04010: MAPK signaling pathway 124 0.0087
4 path:mmu04510: Focal adhesion 111 0.0166
5 path:mmu04620: Toll-like receptor signaling pathway 56 0.0215
DEXSeq

1 path:mmu04210: Apoptosis 31 0.0002
2 path:mmu04010: MAPK signaling pathway 28 0.0094
3 path:mmu04060: Cytokine-cytokine receptor interaction 22 0.0324
4 path:mmu05050: Dentatorubropallidoluysian atrophy (DRPLA) 5 0.0362
5 path:mmu04620: Toll-like receptor signaling pathway 12 0.0384

*Innate immune signaling pathways underlined.

doi:10.1371/journal.pgen.1004932.t001

Effects of SF3a1 on alternative splicing

SF3al is an essential mRNA splicing factor, and as such, its inhibition is expected to alter
mRNA splicing. Using MISO, we determined that SF3al inhibition, in either the absence or
presence of LPS, affected multiple classes of alternative splicing events (Fig. 2, S19 Table),
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Figure 2. SF3a1 regulates multiple modes of alternative pre-mRNA splicing. The figure depicts the percentage of possible alternative splicing events
(intron retention, exon skipping, alternate 3’ and 5’ splice site choice, and mutually exclusive exon usage) affected by either LPS treatment or SF3a1
inhibition (in the absence or presence of LPS) in the RAW264.7 cell line. Complete data depicted in S19 Table.

doi:10.1371/journal.pgen.1004932.9002
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including intron retention, exon skipping, alternate 3’ and 5’ splice site usage, and altered mu-
tually exclusive exon usage. In particular, a large number of intron retention and exon skipping
events were identified by this analysis. In contrast, LPS stimulation affected all classes of splic-
ing changes but did so at much lower frequency.

Cis-acting sequences render certain alternative splicing events
particularly sensitive to SF3a inhibition

While SF3al inhibition affected numerous alternative pre-mRNA splicing events (Fig. 2), the
vast majority of potential mRNA splicing events in macrophages were not significantly affected
even though SF3al levels are at only 20% of their wild type levels in these studies. What renders
some splice site choices so sensitive to SF3a inhibition? To answer this question, we investigat-
ed intron sequences known to regulate mRNA splicing. Intron sequences that govern splicing
include the GT at the 5’ splice site, the AG at the 3’ splice site, the polypyrimidine tract that is
located just upstream of the 3 splice site, and the branch site located still further upstream

[55]. Assembly of splicing regulators at the 3 splice site involves binding of the SF1 protein to
the branch site [56-58] and the U2AF1/2 complex to the polypyrimidine tract and 3’ splice site
[59-62]. This facilitates the recruitment of the U2 small nuclear ribonucleoprotein (snRNP),
which binds to the branch site. Activation of the U2 snRNP additionally requires two accessory
protein complexes, SF3a and SF3b [31-33,63-65].

We used MISO to identify introns that were retained when SF3al was inhibited (SF3a-
“dependent” introns) and introns that were spliced out normally when SF3al was inhibited
(SF3a-“independent” or at least “less dependent” introns) and subsequently compared their se-
quences. Similarly, we compared introns upstream of exons that were skipped when SF3al was
inhibited to downstream introns and to introns flanking exons that were not skipped, despite
being annotated as potential candidates. We did not observe any significant differences in the
nucleotides immediately surrounding the 5° or the 3’ splice site when SF3al inhibition induced
intron retention or exons skipping. However, we did observe differences in the polypyrimidine
tracts of introns that were retained following SF3a inhibition (Fig. 3A-D). These introns (un-
dergoing SF3a-dependent splicing) had a less U-rich and more C-rich polypyrimidine tract
compared to introns that were not retained (SF3a-independent splicing) (Fig. 3A-D, raw data
in S20 Table). In contrast, the polypyrimidine tracts in introns upstream of skipped exons were
not significantly different from those in introns downstream of skipped exons. Moreover, these
polypyrimidine tracts that flanked skipped exons were not significantly different from those
that flanked non-skipped exons.

We also examined the length of introns and exons at alternatively spliced sites when SF3al
was inhibited and found that skipped exons were shorter than non-skipped exons (Fig. 3E,
mean length 114 skipped vs 150 non-skipped, p = 4x10~"°, Mann-Whitney U-test). Moreover,
as noted previously [66-68], we observed that exons were more likely than expected by chance
(>33%) to be of a length that is a multiple of three base pairs, and skipped exons tended to be
even more enriched for such “in-frame” exons (no LPS: 44.5% not skipped vs 56.3% skipped,

p = 0.0020; with LPS: 45.0% not skipped vs 55.3% skipped, p = .0086, both Pearson’s y*-test).
Thus, skipped exons in genes frequently do not alter the reading frame of their encoded pro-
teins, making it more likely that they will not completely abolish protein function.

SF3a1 inhibition perturbs innate immune signaling pathways

As observed previously [26,27], inhibition of SF3al in the presence of LPS diminished produc-
tion of numerous cytokines and chemokines (S8 Table), including but not limited to IL-6,
CCL5 and IP10. We previously speculated that inflammatory processes in macrophages were
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Figure 3. Identification of intron and exon features that correlate with alternative splicing events
regulated by SF3a1. (A-D) Sequence logo plots of the polypyrimidine tracts and 3’ splice site of introns that
are retained when SF3a1 is inhibited (SF3a-dependent) or introns that are spliced out correctly when SF3a1
is inhibited (SF3a-independent, or at least less dependent) in the RAW264.7 cell line. (E) The length of exons
that are skipped when SF3a1 is inhibited compared to those exons that are not skipped. The boxplots were
generated using default conventions in R 3.0.1. The boxes show the interquartile range, the whiskers the
most extreme data point that is no more than 1.5 times the interquartile range from the box. Exon lengths are
depicted on a log scale. “Skipped” refers to exons with increased rate of skipping when SF3a1 is inhibited,
whereas “not skipped” refers to exons that have the same rate of skipping, regardless of SF3a1 levels.

doi:10.1371/journal.pgen.1004932.9003

more sensitive to perturbation of the spliceosome than are other pathways, because inhibition
of splicing factors weakened innate immunity without significantly affecting macrophage via-
bility or phagocytosis [26]. Consistent with this speculation, while many genes and pathways
are affected by SF3al inhibition in macrophages, we find that innate immune signaling path-
ways are among the most significantly altered pathways at the level of mRNA splicing (DEXSeq
analysis) when SF3al is inhibited, either in the absence or presence of LPS (Table 2). Examina-
tion of TLR signaling pathways identified several genes whose expression or splicing was
altered by SF3al inhibition in the absence and/or presence of LPS (Fig. 4). We decided to inves-
tigate the effects of three of these genes in detail that function in the MyD88-NF«B arm of the
LPS response pathway (Fig. 4). These three genes were the LPS receptor TLR4 and the down-
stream signaling kinases IRAK1 and IKK (alias IKBKB). TLR4, IRAK1, and IKKP were identi-
fied by the DEXSeq analyses as alternatively spliced in both the absence and presence of LPS
(S10-S11 Tables). IKKp was additionally identified by one of the Cuffdiff analyses (S15 Table).
All three of these genes are positive effectors of the innate immune response.

Additionally, we chose to investigate two other genes that affect upstream components of
the TLR4 signaling pathway that were not identified by DEXSeq but were identified in the
other analyses. RAB7b controls the trafficking and subsequent destruction of TLR4 [69] and
thus is a negative regulator of TLR signaling. CD14 functions to bring LPS to the TLR4 receptor
and is a positive effector of TLR signaling [70]. Expression of RAB7b (alias 5430435G22Rik)
was flagged as significantly increased in several analyses including DESeq (S7-S8 Tables) and
Cuffdiff (S12 Table). CD14 was identified in Cuftdiff analyses that used mouse genome mm?9

Table 2. Pathways affected by SF3a1 inhibition.

No LPS

# Annotation* Genes in pathway P-value
1 path:mmu04510: Focal adhesion 77 0.0039
2 path:mmu04210: Apoptosis 41 0.0062
3 path:mmu04010: MAPK signaling pathway 77 0.0069
4 path:mmu04910: Insulin signaling pathway 52 0.0077
5 path:mmu04620: Toll-like receptor signaling pathway 35 0.0228
6 path:mmu05010: Alzheimer’s disease 12 0.0460
20 ng/ml LPS

1 path:mmu04010: MAPK signaling pathway 85 0.0036
2 path:mmu04210: Apoptosis 45 0.0036
3 path:mmu04510: Focal adhesion 78 0.0052
4 path:mmu04910: Insulin signaling pathway 50 0.0141
5 path:mmu04060: Cytokine-cytokine receptor interaction 73 0.0211
6 path:mmu04620: Toll-like receptor signaling pathway 35 0.0290

*Innate immune signaling pathways underlined.

doi:10.1371/journal.pgen.1004932.t002
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Figure 4. SF3a1 inhibition affects pre-mRNA splicing of many genes in the TLR signaling pathway. The schematic depicts the Toll-like receptor
signaling pathway (KEGG map04620) [143,144] with genes whose splicing is altered (DEXSeq analysis) when SF3a1 is inhibited color coded as follows: red
(altered in the absence or presence of LPS), green (only in the absence of LPS), blue (only in the presence of LPS). Additionally, altered splicing of two genes
in purple was identified in our other analyses. Generated using DAVID [53,54].

doi:10.1371/journal.pgen.1004932.9004

but was not identified as a significantly changed gene in these analyses using mouse genome
mm]10, possibly due to differences in CD14 gene annotation in the two databases.

Intron retention in positively acting TLR4 pathway signaling genes when
SF3af1 is inhibited

The RN Aseq analysis indicated that three of these five genes had intron retention events when
SF3a was inhibited: IRAK1 intron 1 (Fig. 5A), IKK intron 15 (Fig. 5B), and CD14 intron 1.
While DEXSeq identifies alterations in exon expression in RNAseq data, in all these cases,
DEXSeq also identified intron retention events due to reported non-canonical isoforms in
Ensembl. To validate these RNAseq data, we monitored expression of the various gene iso-
forms using qPCR with isoform-specific primers. Moreover, we performed these qPCR studies
on a second set of RNA samples from independent SF3al RNAi treatments and LPS exposures.
In all three cases, we found that inhibition of SF3al in the presence of LPS led to increased
retention of the expected intron and a concomitant decrease in the expression of the isoform
that crossed that particular exon-exon junction (Fig. 5C-H). We also confirmed that the
canonical IKK isoform was decreased following SF3a inhibition by using a second set of
qPCR primers that lie further downstream in the gene (Fig. 5I). Thus, intron retention in these
three genes diminishes production of the wild type, positively acting isoform. This is consistent
with the effects of SF3a inhibition, which weakens innate immunity [26,27].

To confirm that these mRNA splicing changes were reflected at the protein level, we moni-
tored the level of IRAKI and IKKp by western blot following SF3al siRNA treatment. Reten-
tion of intron 1 in IRAK1 is predicted to truncate the 750 amino acid protein after only
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Figure 5. SF3a1 inhibition leads to intron retention in several TLR signaling pathway genes. (A,B) These panels depict sequence reads (average of 3
replicates, each; generated by DEXSeq) across IRAK1 or IKK (5’ end of gene on right, control siRNA in red, SF3a1 siRNA in blue). The retained introns
(intron 1 in IRAK1 orintron 15 in IKKB) are shaded in purple. (C-l) These panels display the results of gPCR assays on RAW264.7 cells used to monitor
production of the indicated mRNA isoforms (expression normalized so that 1 is the expression in the presence of control siRNA). CT indicates control siRNA
in this an all other figures. LPS exposures were performed for six hours in the presence of 20 ng/ml LPS. Asterisks indicate results that were statistically
different than control in this and all other figures.

doi:10.1371/journal.pgen.1004932.9005

47 amino acids. Retention of intron 15 in IKKP is predicted to truncate the 757 amino acid full
length protein and generate a 555 amino acid protein containing the first 526 amino acids of
IKKp and 29 novel intron-encoded amino acids. Using antisera that recognize IRAK1 and
IKKB, we observed decreased levels of IRAK1 and IKKP when SF3al was inhibited by RNAi
(S1 Fig.) [note that IRAK1 levels were monitored in the absence of LPS as LPS exposure alters
electrophoretic mobility and stability of IRAK1 [15,71-74]]. In contrast, SF3al inhibition did
not affect production of Pactin (S1 Fig.). We were not able to detect the predicted 555 amino
acid truncated IKKR, even on much longer exposures of the western blot. This may be because
the relative levels of the proteins differ (which we cannot determine from the current gPCR
data) or because the truncated protein is unstable.

To test how general these effects were, we also monitored these intron retention events
when SF3al was inhibited in a second mouse macrophage cell line, J774A.1. Inhibition of
SF3al in J774A.1 cells also diminishes the innate immune response to LPS [27]. As observed
previously [26], qPCR analysis indicated that expression of the negatively acting MyD88; iso-
form was increased when SF3al was inhibited in RAW264.7 cells (Fig. 6A,B), and we find that
MyD88s is likewise increased following SF3al inhibition in J774A.1 cells (S2A-S2B Fig.). We
found that some but not all of the effects of SF3al knockdown on intron retention events were
recapitulated in J774A.1 cells. CD14 intron 1 was retained in J774A.1 cells following SF3al
inhibition (S2C-S2D Fig.). We also observed a decrease in IRAK1 levels in J774A.1 cells
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Figure 6. SF3a1 inhibition induces production of negatively acting splice forms of TLR signaling
pathway genes. Panels A—E display the results of gPCR assays on RAW264.7 cells used to monitor
production of the indicated mRNA isoforms (expression normalized so that 1 is the expression in the
presence of control siRNA). CT indicates control siRNA in this an all other figures. LPS exposures were
performed for six hours in the presence of 20 ng/ml LPS.

doi:10.1371/journal.pgen.1004932.9006

following SF3al inhibition (S2E Fig.) but did not observe a concomitant increase in IRAK1 in-
tron 1 retention (S2F Fig.). We did not detect intron 15 retention in IKKf in J774A.1 cells
when SF3al was inhibited with siRNA (5S2G-S2H Fig.). Thus, some but not all of the altered
splicing events detected in RAW264.7 cells were recapitulated in a second macrophage cell line
J774A.1. The differences could reflect a difference in SF3al knockdown in the two cell lines.

Increased expression of negatively acting factors when SF3a1 is inhibited

Despite our ability to detect alterations in MyD88g by qPCR when SF3al is inhibited (Fig. 6A,
B), we did not identify differential expression of MyD88g in the current RNAseq study, likely
because of the very small quantity of MyD88s mRNA present in cells. The vast majority of se-
quence reads in MyD88 lie entirely within exons. These reads cannot distinguish between the
two splice forms because they will be common to both MyD88; and MyD88g; thus, only reads
that cross the unique splice junctions in MyD88; and MyD88¢ will be informative as to the
ratio of the two isoforms. Based on RT-PCR, we previously estimated that the ratio of MyD88; :
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MyD88s was approximately 20:1 in unstimulated cells [26]. The current RN Aseq data suggest
that this ratio could even be larger; in unstimulated cells, we identified 282 reads that crossed
the exon 1-exon 2 junction and 217 reads that crossed the exon 2-exon 3 junction (both of
which are reads corresponding to MyD88, ). In contrast, in unstimulated cells, we only ob-
tained 7 reads that crossed the unique MyD88g exon 1-exon 3 junction.

The RNAseq data also indicated that an alternative splice form of TLR4 was generated when
SF3al was inhibited; this involved splicing of TLR4 to either of two alternative exons >70 kb
downstream of TLR4. However, neither of these alternative splice forms has been identified in
the plethora of previous studies on TLR4, and we were unable to obtain products correspond-
ing to these computational predictions using RT-PCR. However, we did note that RN Aseq
reads were identified between exons 3 and 4 in TLR4 when SF3al is inhibited. An alternative
splice form of TLR4 has been described previously in which an extra exon is incorporated be-
tween exons 3 and 4; this extra exon introduces a stop codon that produces a truncated soluble
version of TLR4 (sTLR4) that acts as a negative regulator of signaling [18]. Using qPCR, we
were able to verify that TLR4 levels were moderately decreased and sTLR4 levels were substan-
tially increased when SF3al was inhibited (Fig. 6C,D).

Our RNAseq analysis also indicated that expression of the negative regulator RAB7b was
increased when SF3al was inhibited, and we were able to verify this by qPCR (Fig. 6E). Thus,
SF3al inhibition leads to increased expression of Rab7b and sTLR4, both negative regulators of
TLR signaling.

As described above, inhibition of SF3al led to a decrease in production of the wild type
IKKB mRNA and an increase in an alternative mRNA form of IKK retaining intron 15
(Fig. 5B, G-I). cDNAs with similar intron 15 retention events also have been reported in
humans (Ensembl transcript ENST00000520201, UCSC transcript uc010lxh.2, mRNA
AB209090). While this alternate transcript also includes intron 14 (163 nt) in human, we see
no evidence of intron 14 retention in our experiments with mouse. Retention of intron 15 in
mouse results in a premature stop codon that truncates IKKp after amino acid R526 plus 29 in-
tron-encoded amino acids; this deletes the last 231 amino acids of IKKp. The resulting protein
contains the NH,-terminal kinase domain but lacks the COOH-terminal NEMO binding do-
main. IKKB, IKKe, and NEMO together form a complex that phosphorylates IkBo and is thus
critical for LPS-induced NF«B activation [75,76]. Interestingly, an alternative splice form of
the related protein IKKe that is truncated in a similar location encodes a dominant negative
signaling molecule that inhibits viral infection-induced activation of IRF3 and NF«kB [77]. We
therefore investigated if this truncated IKKp (which we refer to as IKKBb) could likewise act
in dominant negative fashion. We inhibited production of this alternatively spliced IKKb
mRNA using either of two different siRNA duplexes that target intron 15 in IKKp. Both
siRNAs decreased production of both IKK and IKKfb isoforms, with stronger inhibition of
the IKKBb isoform (Fig. 7A,B), and increased LPS-induced IL-6 production (Fig. 7C). Inhibi-
tion of wild-type IKKB should diminish LPS-induced cytokine production, so this increased
IL-6 production is consistent with IKKBb being a novel inhibitory isoform.

The effect of SF3a1 on innate immunity is mediated by several TLR
signaling pathway genes

Our RNAseq analysis demonstrated that many TLR signaling pathway genes exhibit altered ex-
pression or mRNA splicing when SF3al was inhibited. This included a decrease in the produc-
tion of several positively acting factors because of intron retention (CD14, IRAKI, and IKKp)
and an increase in production of several negatively acting factors from a variety of mRNA
splicing changes (RAB7b, sTLR4, and possibly IKKBb). Additionally, using qPCR and RT-
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Figure 7. siRNAs targeting IKKB intron 15 lead to increased production of LPS-induced IL-6. RAW264.7 macrophages were treated with either of 2
siRNAs targeting IKKB intron 15 or control non-targeting siRNA, were subsequently exposed to 20 ng/ml for 6 hours, and then expression of both IKKf
isoforms was monitored by gPCR (A,B) and IL-6 production was monitored by ELISA (C).
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PCR, we previously demonstrated that SF3al inhibition led to an increase in production of

the inhibitory splice form MyD88g [26]. All of these changes in positively and negatively acting
factors could contribute to the overall decrease in innate immune responsiveness caused by
SF3al inhibition. To test the effect of several of these candidate negative regulators, we inhib-
ited either of IKKfb, Rab7b, or MyD88s using siRNA and found that all three treatments led to
increased LPS-induced IL-6 production (Fig. 8A).

To verify that the effect of SF3a on innate immunity was mediated by these various factors, we
used siRNA to simultaneously inhibit SF3al and these negatively acting isoforms. As described
previously [46], inhibition of MyD88s is able to partially rescue the effect of SF3al inhibition on
LPS induced IL-6 production (Fig. 8B). Similarly, inhibition of Rab7b or IKKb with siRNA each
led to a small rescue of the effects of SF3al inhibition (Fig. 8C), suggesting that the effects of SF3al
on innate immunity are mediated by altered splicing of multiple TLR signaling pathway genes.

LPS stimulation and SF3a1 inhibition regulate the pre-mRNA splicing of
a common gene set

We found that LPS stimulation (Table 1) and SF3al inhibition (Table 2) both affected alterna-
tive pre-mRNA splicing of genes in innate immune signaling pathways. This suggested that
specific alterations in the spliceosome may also influence specific effects of LPS on mRNA
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Figure 8. Multiple genes in the TLR signaling pathway mediate the effects of SF3a1 on innate immunity. RAW264.7 macrophages were treated with
the indicated siRNAs or control non-targeting siRNA and subsequently exposed to 20 ng/ml LPS for 6 hours. IL-6 production was monitored by ELISA. In
panels B and C, cells were treated with multiple siRNAs simultaneously, as indicated; in panel A, only a single siRNA was used in each case.

doi:10.1371/journal.pgen.1004932.9008
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splicing in macrophages. To test this idea, we compared the lists of genes that were alternatively
spliced in the DEXSeq analysis following LPS stimulation or SF3al inhibition and found, as
expected from the MISO analysis (Fig. 2), that SF3al inhibition induced more alternative splic-
ing events than did LPS stimulation (Fig. 9). More than half of all SF3al-dependent alternative
pre-mRNA splicing events were in the same 474 genes, regardless of LPS stimulation status
(Fig. 9). A smaller set of differentially spliced genes (307), were observed with SF3al inhibition
alone, and 324 differentially splice genes were unique to the combination of SF3al and LPS,
consistent with a role for SF3al activity in modulating innate immunity regulation. Roughly
half of the alternative gene splicing events specific to LPS stimulation alone (39/81) were also
affected by SF3al inhibition (Fig. 9), suggesting that SF3al and the spliceosome exhibit some
specificity in macrophages for regulating LPS-induced alternative splicing at this level of

SF3al knockdown.

Discussion
Regulation of pre-mRNA splicing and disease

More than 95% of human genes are alternatively spliced [78-80], contributing to the complexity
of the proteome. Cis-acting mutations that affect splicing of specific genes account for as much
as 35% of inherited genetic disease [81-84]. Heritable mutations in splicing genes cause several
rare diseases including spinal muscular atrophy, retinitis pigmentosa, Nager syndrome, mandi-
bulofacial dysostosis, and oesophageal atresia [81-83,85-94]. Somatic mutations in splicing regu-
lators also have been identified in various malignancies [95-106]. Thus, proper regulation of
alternative splicing is critical for normal cellular functions and disease prevention.

LPS—-effect

SF3A1-effect (no LPS) ~ SF3A1-effect (with LPS)

Figure 9. LPS challenge and SF3a1 inhibition affect pre-mRNA splicing of a common set of genes.
The Venn diagram (generated using Vennerable package for R 3.0.1) indicates the number of genes whose
splicing is altered in the DEXSeq analysis following LPS challenge alone, SF3a1 inhibition in the absence of
LPS, or SF3a1 inhibition in the presence of LPS.

doi:10.1371/journal.pgen.1004932.g009
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While there have been reports of alternative pre-mRNA splicing in genes of the TLR signal-
ing pathway, either globally [25] or on a gene by gene basis [15-20,23,24,26,107-112], there
has been little study of how this alternative splicing is regulated. Our discovery that the TLR
signaling pathway is particularly sensitive to perturbation of the core SF3a and SF3b spliceo-
some components in mouse and human macrophages [26] has provided an entry point for
such a mechanistic study, and the current investigation of SF3a function has confirmed this
surprising role of the core splicing machinery in regulation of the TLR signaling pathway in
macrophages.

The core SF3a mRNA splicing complex regulates alternative pre-mRNA
splicing

As expected, SF3al inhibition affected a large number of splicing events, particularly intron re-
tention and exon skipping. We note that these results may be biased as MISO examines only a
subset of pre-identified possible alternative pre-mRNA splicing events [47]. Nevertheless, it is
clear that when SF3al levels are reduced to 20% of their wild-type levels, the vast majority of
mRNA splicing events still occur normally. It has been reported that the mRNA splicing ma-
chinery is limiting within the cell [113,114], so it is logical to assume that some genes will have
splicing regulatory sequences that are more sensitive to spliceosomal perturbation than other
genes. This partial specificity is not unexpected, as several studies demonstrate that inhibition
or mutation of core splicing factors affects splicing of only a subset of genes [115-125], al-
though the partial specificity of splicing factors for innate immune signaling pathways has not
been noted previously. Moreover, the cis-acting regulatory sequences identified in this analysis
are similar to those reported in other studies of the regulation of alternative pre-mRNA splicing
[126,127]. Presumably in a complete knockout situation, many more mRNA splicing events
would be affected. Consistent with this, inhibition of SF3a in HeLa cells affects cell survival
[128]; this could reflect the stronger RNAi possible in HeLa cells or could be due to a cell-type
specific effect. The possibility of cell-type specific effects of mRNA splicing factors are also
raised by the report that SF3al functions with human estrogen receptor o to regulate mRNA
splicing in other cell types [129].

MRNA splicing and innate immunity

We found that both LPS stimulation and SF3al inhibition affected alternative splicing of a
common set of genes in innate immune signaling pathways, suggesting that SF3al could play a
role in mediating the effect of LPS on alternative pre-mRNA splicing. Inhibition of SF3al led
to a decrease in production of several positive regulators of TLR signaling (intron retention in
IRAK1, CD14, and IKKR); SF3al inhibition also led to an increased production of negatively
acting mRNA isoforms of TLR pathway genes (sTLR4, MyD88, Rab7b, and possibly IKKf).
Moreover, these negatively acting alternative isoforms are produced by a variety of alternative
splicing events (sTLR4, exon inclusion; MyD88, exon skipping; IKK, intron retention; Rab7b,
gene expression increase).

Why are these particular splicing events so sensitive to perturbation of the core spliceosome
component SF3al? An intriguing possibility is that perhaps, because of their functional signifi-
cance, the mRNA splice site choices in these genes evolved to be key points of regulation to
limit inflammation in macrophages. There is precedent for LPS or other components of patho-
gens altering the splicing machinery. For example, MyD88 activation in the presence of viral
infection can decrease Polypyrimidine Tract Binding Protein (PTB) mRNA levels [130] (al-
though PTB mRNA levels are not affected by LPS stimulation in our RN Aseq data). LPS has
been shown to stimulate phosphorylation of hnRNP A0, which binds to and stabilizes some
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cytokine mRNAs [131]. It is possible that LPS treatment could affect the activity of these or
other components of the splicing machinery. It is possible that SF3a (or another component in
the complex) could itself be modified by LPS stimulation. We have performed some prelimi-
nary tests to assess this possibility. SF3al subcellular localization (monitored using a SF3al-
GFP fusion) was not grossly altered following LPS stimulation. SF3al mRNA and protein
levels did decrease slightly (to ~70% of wild type levels) following LPS stimulation (monitored
using qPCR and western blot), although it is unclear what the significance of this moderate de-
crease is. Conceivably, SF3al activity could also be modified by LPS treatment through some
covalent modification.

Future investigations of these specific splicing events will inform us how this alternate splic-
ing is regulated and if these splicing events are regulated by a single common mechanism or if
multiple independent mechanisms regulate alternative splicing in the TLR signaling pathway.
Harnessing these regulatory mechanisms to alter mRNA splicing in the TLR signaling pathway
could prove to be a useful novel approach to modulate inflammation, thereby treating numer-
ous inflammatory diseases.

Materials and Methods
RNAseq analysis to monitor the effect of SF3a1 inhibition

The RAW264.7 mouse macrophage cell line was transfected with either SF3al siRNA or con-
trol non-targeting siRNA (Dharmacon) using the 96-well shuttle transfection system (Amaxa)
as described previously [26]. Twenty-four hours later, cells were exposed to either 20 ng/ml
LPS (List Biological labs), or not as a control. All RNAi treatments and exposures were per-
formed in triplicate. Four hours after LPS stimulation, the supernatant was removed for ELISA
analysis and the cell pellet was lysed in RLT buffer (Qiagen). Total RNA was purified using
the RN Aeasy kit (Qiagen). A portion of the RNA was set aside for gPCR analysis, and the re-
mainder was purified further for RNAseq. PolyA-RNA was isolated from total RNA using the
Dynabeads mRNA Direct Purification kit (Life Technologies). The polyA RNA was then pro-
cessed for next-generation sequencing (NGS) library construction following standard proce-
dures for Ion Proton sequencing using the Ion Total RNA-seq kit for whole transcriptome
libraries (Life Technologies). Briefly, library construction proceeded from adaptor ligation,

to reverse transcription, cDNA size selection and amplification, and finally bead templating.
Once validated, the libraries were sequenced as barcoded-pooled samples on multiple Ion P1
chips using an Ion Proton NGS platform. The RNAseq data presented in this article have been
deposited in the Gene Expression Omnibus database (http://www.ncbinlm.nih.gov/geo/)
under accession number GSE58432.

Mapping of sequences to the genome

The gene model used throughout these analyses is based on the Ensembl annotation down-
loaded July 29, 2013, from the UCSC Genome Browser (http://genome.ucsc.edu/). Sequence
reads 30 nucleotides long or greater were mapped to the UCSC release mm10 of the Mus
musculus genome using GSNAP version 2013-11-27 (http://research-pub.gene.com/gmap/
[132,133]) with SNP data version 137 and splice sites compatible with the Ensembl annotation,
as well as detection of novel splice sites. With the exception of the Cufflinks/Cuffdiff analysis,
only uniquely mapping reads were used for further analysis; multiply-mapped reads without
translocations were added for the Cufflinks/Cuffdiff analysis. A separate set of alignments was
generated for analysis with MISO, which requires a fixed read length. For MISO, sequences
were truncated to 70 nt (replicate 1) or 60 nt (replicates 2 and 3) and shorter reads discarded
prior to mapping with GSNAP.

PLOS Genetics | DOI:10.1371/journal.pgen.1004932 February 6,2015 16/27


http://www.ncbi.nlm.nih.gov/geo/
http://genome.ucsc.edu/
http://research-pub.gene.com/gmap/

@’PLOS | GENETICS

SF3a1 and TLR Signaling

Analysis of differential splicing with MISO

Genes with splicing events that differ significantly between treatments were identified with
MISO version 0.4.9 (http://genes.mit.edu/burgelab/miso/ [47]), using version 2 of MISO’s
annotation of alternative splicing events for UCSC release mm10. Because MISO cannot take
into account replicates, we treated an event as significantly different between treatments if the
change was in the same direction for all three replicates and the Bayes factor of each was at
least 1. Events were considered unchanged between treatments if all three Bayes factors were
less than 1.

Analysis of cis-acting splicing regulatory sequences

To identify potential differences in the splice sites of genes with and without changes in splic-
ing, we created sequence logos [134] of those sites with WebLogo version 3.3 (http://weblogo.
threeplusone.com/ [135]). Based on the logos of the 3’-splice site, we compared the base com-
position of the polypyrimidine tract region extending from positions —17 to —5 counting from
the 3’ splice site. Fractions of each base in each intron of one set (e.g. introns significantly more
retained in SF3al-depleted cells than in control cells) were compared to a control set (e.g. in-
trons that showed no change, regardless of SF3al levels) using the nonparametric Mann-
Whitney U-test (wilcox.test function in the stats package of R version 3.0.1 [136]). For intron-
retention events, we compared introns that were significantly more retained when SF3al was
inhibited to introns whose retention was not altered by SF3al inhibition (as identified by
MISO, see above). For exon skipping events, we compared 3'-splice site sequence logos for the
introns both upstream and downstream of the potentially skipped exon.

To determine if exon and intron lengths differed significantly between the various condi-
tions, the nonparametric Mann-Whitney U-test (wilcox.test function in the stats package of R
version 3.0.1) was used.

Differential gene expression analysis with DESeq

Reads mapping to each gene in the Ensembl annotation were quantified using the htseq-count
program from the HT'Seq package version 0.5.4p3 in the “intersection-nonempty” mode
(http://www-huber.embl.de/users/anders/HTSeq/ [137]). These counts were analyzed for dif-
ferential expression with the DESeq package version 1.12.1 [48] under R version 3.0.1, using a
false discovery rate (FDR) of 0.1.

Differential exon expression analysis with DEXSeq

To examine changes in splicing based on differential exon expression, we used the DEXSeq
package version 1.6.0 [49] under R version 3.0.1 with an FDR of 0.1. Exon counts for this analy-
sis were obtained with the included HTSeq-based script dexseq_count.py and an annotation
based on the Ensembl gene model.

Differential gene and transcript expression analysis with Cufflinks

Cufflinks version 2.1.1 [50,51,138,139] was used to assemble and quantify transcripts with pa-
rameters to mask rRNA and tRNA sequences and enable bias correction and multi-mapped
read correction, and without a reference annotation. Other cufflinks parameters were as fol-
lows: -j 0.1 -A 0.05 —overhang-tolerance 5 —max-bundle-length 5,000,000. Transcript models
from the different samples and replicates were combined using cuffmerge with the Ensembl an-
notation and the mouse mm10 genome sequence as references. Testing for differences in gene
expression and splicing was performed using cuffdiff with bias correction and multi-mapped
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read correction, as well as masking of rRNAs and tRNAs, using the default FDR of 0.05. Since
three replicates were available for each treatment, dispersion was estimated separately for each
condition.

Pathway analysis

To determine which pathways were altered by LPS treatment or SF3al inhibition, the genes
identified in the DEXseq analysis were analyzed using the GATHER utility in network mode
[52] or the DAVID utility [53,54].

gPCR to monitor isoform-specific mMRNA levels

qPCR was performed using the Quantitect SYBR-green RT-PCR assay kit (Qiagen) and an ABI
7900 thermocycler. Data was normalized relative to -actin, whose splicing is not affected by
this level of SF3al inhibition [26]. Primer sequences used for qPCR are listed in S21 Table.
qPCR was performed in triplicate and analyzed with Graphpad Prism 5 using t-tests to deter-
mine statistical differences (p<0.05).

Gene inhibition using siRNA

RAW264.7 or J774A.1 mouse macrophages were tranfected with siRNAs (Dharmacon, either
SMARTpools targeting particular genes or non-targeting control pools) using the Amaxa
nucleofector Shuttle (Lonza) as described previously [26,27,46]. Cells were then plated in
96-well format (100,000 cells per well). Twenty-four hours later, cells were stimulated with

20 ng/ml LPS for six hours, supernatant was collected for ELISA (R&D Biosystems) and cell
pellets were used to monitor viability with fluorescein diacetate [140,141] and lysed in RLT
(Qiagen) buffer to prepare RNA for qPCR (which was performed as described above). In ex-
periments using two siRNAs simultaneously, siRNA treatments containing only one siRNA
were supplemented with a second negative control non-targeting siRNA to render the volumes
equivalent.

Sequences of the siRNAs targeting IKKp intron 15 were 5'-AAGCAGAAGUCUCAGGA
UA(UU)-3' and 5'-GGGCAGAGUUGCUCCGGAU(UU)-3'. ELISA experiments were per-
formed in triplicate and analyzed using Graphpad Prism 5 using t-tests to determine statistical
differences (p<0.05).

Western blot to monitor protein levels

RAW264.7 cells were transfected with either SF3al-specific siRNA or control non-targeting
siRNA as described above. Following the siRNA treatment, cells were lysed on ice in RIPA
buffer supplemented with protease inhibitors. Lysates were centrifuged at 12,000 RPM for

15 minutes at 4°C, protein concentration of the supernatant was assessed by BCA Assay
(Pierce), and samples were boiled in SDS-loading buffer. Samples were separated on 10%
SDS-polyacrylamide gels and transferred to nitrocellulose. The membranes were blocked for
2 hours at room temperature in TBS-T containing 5% non-fat milk, incubated overnight at 4°C
with primary antibodies (1:1000) in TBS-T plus 5% BSA (rabbit-anti-IRAK1 and rabbit-anti-
IKKP antisera were from Cell Signaling Technology; mouse-anti-B-actin antiserum was from
Millipore), washed in TBS-T, then incubated with HRP-conjugated secondary antibodies
(1:1000) for 1 hour at room temperature. The membrane was then washed, treated with ECL
Substrate (Pierce), and fluorescence was captured by autoradiography. Images of the films
were captured with a Nikon D200 camera. Bands were quantified using Image J [142] and
subsequently analyzed for significant differences in Graphpad Prism 5 using t tests (p<0.05).
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Supporting Information

S1 Fig. SF3al inhibition decreases production of IRAK1 and IKKp protein. RAW264.7 cells
were subjected to either SF3al siRNA or control siRNA (CT), were exposed to 20 ng/ml LPS
for six hours (IKKP) or were not exposed to LPS (IRAK1), and IRAK1 and IKK protein levels
were monitored by western blot. Panels A and B display western blots depicting representative
production of IRAK1 and IKKP (top) and the same blots re-probed for B-actin (bottom).
Panels C and D depict quantitation of IRAK1 and IKK levels, respectively, from three inde-
pendent experiments. Asterisks indicate results that were statistically different than control
(t-test, p<0.05).

(PDF)

S2 Fig. SF3al inhibition alters mRNA splicing of TLR signaling pathway genes in the
mouse J774A.1 cell line. Panels A-H: J774A.1 cells were subjected to either SF3al siRNA or
control siRNA (CT), were exposed to 20 ng/ml LPS for six hours, and qPCR was used to to
monitor the production of the indicated mRNA isoforms (expression normalized so that 1 is
the expression in the presence of control siRNA). CT indicates control siRNA, SF3al indicates
SFE3al-specific siRNA. LPS exposures were performed for six hours in the presence of 20 ng/ml
LPS. Asterisks indicate results that were statistically different than control (t-test, p<0.05).
(PDF)

S1 Table. Retained Introns (MISO) - CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

S2 Table. Skipped Exons (MISO) - CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

S3 Table. Alternate 3’ Splice Site (MISO)—CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

S4 Table. Alternate 5’ Splice Site (MISO)—CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

S5 Table. Mutually Exclusive Exons (MISO)—CT siRNA with LPS vs SF3al siRNA with
LPS.
(XLSX)

S6 Table. DESeq - CT siRNA no LPS vs CT siRNA with LPS.
(XLSX)

S7 Table. DESeq - CT siRNA no LPS vs SF3al siRNA no LPS.
(XLSX)

S8 Table. DESeq - CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

S9 Table. DEXSeq - CT siRNA no LPS vs CT siRNA with LPS.
(XLSX)

§10 Table. DEXSeq - CT siRNA no LPS vs SF3al siRNA no LPS.
(XLSX)

S11 Table. DEXSeq - CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

PLOS Genetics | DOI:10.1371/journal.pgen.1004932 February 6,2015 19/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s013

@’PLOS | GENETICS

SF3a1 and TLR Signaling

S12 Table. Cuffdiff GENE EXP—CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

S$13 Table. Cuffdiff CDS EXP—CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

S14 Table. Cuffdiff Isoform EXP—CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

$15 Table. Cuffdiff TSS group EXP—CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

S$16 Table. Cuffdiff CDS—CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

S17 Table. Cuffdiff Promoters—CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

$18 Table. Cuffidff Splicing—CT siRNA with LPS vs SF3al siRNA with LPS.
(XLSX)

$19 Table. MISO Global Splicing Analysis.
(XLSX)

$20 Table. Polypyrimidine tract analysis.
(XLSX)

$21 Table. Oligonucleotide sequences.
(XLSX)

Author Contributions

Conceived and designed the experiments: BPO SML SA. Performed the experiments: TD LDA
BRF RAM EFH SA. Analyzed the data: TD SML SA. Wrote the paper: BPO TD BRF SA.

References

1. Chaudhuri N, Dower SK, Whyte MK, Sabroe | (2005) Toll-like receptors and chronic lung disease.
Clin Sci (Lond) 109: 125-1383. doi: 10.1042/CS20050044 PMID: 16033327

2. Cook DN, Pisetsky DS, Schwartz DA (2004) Toll-like receptors in the pathogenesis of human disease.
Nat Immunol 5: 975-979. doi: 10.1038/ni1116 PMID: 15454920

3. Grivennikov SI, Greten FR, Karin M (2010) Immunity, inflammation, and cancer. Cell 140: 883—-899.
doi: 10.1016/j.cell.2010.01.025 PMID: 20303878

4. TakedaK, Akira S (2005) Toll-like receptors in innate immunity. Int Immunol 17: 1—14. doi: 10.1093/
intimm/dxh186 PMID: 15585605

5. KawaiT, Akira S (2010) The role of pattern-recognition receptors in innate immunity: update on Toll-
like receptors. Nat Immunol 11: 373—-384. doi: 10.1038/ni.1863 PMID: 20404851

6. Takeuchi O, Akira S (2010) Pattern recognition receptors and inflammation. Cell 140: 805-820. doi:
10.1016/j.cell.2010.01.022 PMID: 20303872

7. Ostuni R, Zanoni |, Granucci F (2010) Deciphering the complexity of Toll-like receptor signaling. Cell
Mol Life Sci 67: 4109-4134. doi: 10.1007/s00018-010-0464-x PMID: 20680392

8. Alam MM, O’Neill LA (2011) MicroRNAs and the resolution phase of inflammation in macrophages.
EurJ Immunol 41:2482-2485. doi: 10.1002/eji.201141740 PMID: 21952801

9. Kondo T, Kawai T, Akira S (2012) Dissecting negative regulation of Toll-like receptor signaling. Trends
Immunol 33:449-458. doi: 10.1016/j.it.2012.05.002 PMID: 22721918

10. Lang T, Mansell A (2007) The negative regulation of Toll-like receptor and associated pathways.
Immunol Cell Biol 85: 425-434. doi: 10.1038/sj.icb.7100094 PMID: 17621314

PLOS Genetics | DOI:10.1371/journal.pgen.1004932 February 6,2015 20/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s019
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s020
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s021
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s022
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1004932.s023
http://dx.doi.org/10.1042/CS20050044
http://www.ncbi.nlm.nih.gov/pubmed/16033327
http://dx.doi.org/10.1038/ni1116
http://www.ncbi.nlm.nih.gov/pubmed/15454920
http://dx.doi.org/10.1016/j.cell.2010.01.025
http://www.ncbi.nlm.nih.gov/pubmed/20303878
http://dx.doi.org/10.1093/intimm/dxh186
http://dx.doi.org/10.1093/intimm/dxh186
http://www.ncbi.nlm.nih.gov/pubmed/15585605
http://dx.doi.org/10.1038/ni.1863
http://www.ncbi.nlm.nih.gov/pubmed/20404851
http://dx.doi.org/10.1016/j.cell.2010.01.022
http://www.ncbi.nlm.nih.gov/pubmed/20303872
http://dx.doi.org/10.1007/s00018-010-0464-x
http://www.ncbi.nlm.nih.gov/pubmed/20680392
http://dx.doi.org/10.1002/eji.201141740
http://www.ncbi.nlm.nih.gov/pubmed/21952801
http://dx.doi.org/10.1016/j.it.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22721918
http://dx.doi.org/10.1038/sj.icb.7100094
http://www.ncbi.nlm.nih.gov/pubmed/17621314

@’PLOS | GENETICS

SF3a1 and TLR Signaling

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Liew FY, Xu D, Brint EK, O’'Neill LA (2005) Negative regulation of toll-like receptor-mediated immune
responses. Nature Reviews Immunology 5: 446—-458. doi: 10.1038/nri1630 PMID: 15928677

Murray PJ, Smale ST (2012) Restraint of inflammatory signaling by interdependent strata of negative
regulatory pathways. Nat Immunol 13: 916-924. doi: 10.1038/ni.2391 PMID: 22990889

Sun SC (2008) Deubiquitylation and regulation of the immune response. Nat Rev Immunol 8: 501—
511. doi: 10.1038/nri2337 PMID: 18535581

Wang J, Hu Y, Deng WW, Sun B (2009) Negative regulation of Toll-like receptor signaling pathway.
Microbes Infect 11: 321-327. doi: 10.1016/j.micinf.2008.12.011 PMID: 19146978

Burns K, Janssens S, Brissoni B, Olivos N, Beyaert R, et al. (2003) Inhibition of interleukin 1 receptor/
Toll-like receptor signaling through the alternatively spliced, short form of MyD88 is due to its failure to
recruit IRAK-4. Journal of Experimental Medicine 197: 263—-268. doi: 10.1084/jem.20021790 PMID:
12538665

Gray P, Michelsen KS, Sirois CM, Lowe E, Shimada K, et al. (2010) Identification of a novel human
MD-2 splice variant that negatively regulates Lipopolysaccharide-induced TLR4 signaling. J Immunol
184: 6359-6366. doi: 10.4049/jimmunol.0903543 PMID: 20435923

Hardy MP, O’Neill LA (2004) The murine IRAK2 gene encodes four alternatively spliced isoforms, two
of which are inhibitory. J Biol Chem 279: 27699-27708. doi: 10.1074/jbc.M403068200 PMID:
15082713

Iwami Kl, Matsuguchi T, Masuda A, Kikuchi T, Musikacharoen T, et al. (2000) Cutting edge: naturally
occurring soluble form of mouse Toll-like receptor 4 inhibits lipopolysaccharide signaling. J Immunol
165: 6682-6686. PMID: 11120784

Janssens S, Burns K, Tschopp J, Beyaert R (2002) Regulation of interleukin-1- and lipopolysaccharide-
induced NF-kappaB activation by alternative splicing of MyD88. Curr Biol 12: 467—471. doi: 10.1016/
S0960-9822(02)00712-1 PMID: 11909531

Janssens S, Burns K, Vercammen E, Tschopp J, Beyaert R (2003) MyD88S, a splice variant of
MyD88, differentially modulates NF-kappaB- and AP-1-dependent gene expression. FEBS Lett 548:
103-107. doi: 10.1016/S0014-5793(03)00747-6 PMID: 12885415

Leeman JR, Gilmore TD (2008) Alternative splicing in the NF-kappaB signaling pathway. Gene 423:
97-107. doi: 10.1016/j.gene.2008.07.015 PMID: 18718859

Lynch KW (2004) Consequences of regulated pre-mRNA splicing in the immune system. Nat Rev
Immunol 4: 931-940. doi: 10.1038/nri1497 PMID: 15573128

Ohta S, Bahrun U, Tanaka M, Kimoto M (2004) Identification of a novel isoform of MD-2 that
downregulates lipopolysaccharide signaling. Biochem Biophys Res Commun 323: 1103-1108.
doi: 10.1016/j.bbrc.2004.08.203 PMID: 15381113

Rao N, Nguyen S, Ngo K, Fung-Leung WP (2005) A novel splice variant of interleukin-1 receptor
(IL-1R)-associated kinase 1 plays a negative regulatory role in Toll/IL-1R-induced inflammatory sig-
naling. Mol Cell Biol 25: 6521-6532. doi: 10.1128/MCB.25.15.6521-6532.2005 PMID: 16024789

Wells CA, Chalk AM, Forrest A, Taylor D, Waddell N, et al. (2006) Alternate transcription of the Toll-
like receptor signaling cascade. Genome Biol 7: R10. doi: 10.1186/gb-2006-7-2-r10 PMID: 16507160

De Arras L, Alper S (2013) The Sf3a mRNA splicing complex mediates a MyD88-dependent negative
feedback loop that limits the innate immune response. PLOS Genetics: 9(10):e1003855.
doi: 10.1371/journal.pgen.1003855 PMID: 24204290

De Arras L, Seng A, Lackford B, Keikhaee M, Bowerman B, et al. (2013) An evolutionarily conserved
innate immunity protein interaction network. J Biol Chem 288: 1967—1978. doi: 10.1074/jbc.M112.
407205 PMID: 23209288

Das BK, Xia L, Palandjian L, Gozani O, Chyung Y, et al. (1999) Characterization of a protein complex
containing spliceosomal proteins SAPs 49, 130, 145, and 155. Mol Cell Biol 19: 6796-6802. PMID:
10490618

Hodges PE, Beggs JD (1994) RNA splicing. U2 fulfils a commitment. Curr Biol 4: 264—267.
doi: 10.1016/S0960-9822(00)00061-0 PMID: 7922333

Kramer A (1996) The structure and function of proteins involved in mammalian pre-mRNA splicing.
Annu Rev Biochem 65: 367—-409. doi: 10.1146/annurev.bi.65.070196.002055 PMID: 8811184

Kramer A, Ferfoglia F, Huang CJ, Mulhaupt F, Nesic D, et al. (2005) Structure-function analysis of the
U2 snRNP-associated splicing factor SF3a. Biochem Soc Trans 33: 439-442. doi: 10.1042/
BST0330439 PMID: 15916536

Kramer A, Gruter P, Groning K, Kastner B (1999) Combined biochemical and electron microscopic
analyses reveal the architecture of the mammalian U2 snRNP. J Cell Biol 145: 1355-1368. doi: 10.
1083/jcb.145.7.1355 PMID: 10385517

PLOS Genetics | DOI:10.1371/journal.pgen.1004932 February 6,2015 21/27


http://dx.doi.org/10.1038/nri1630
http://www.ncbi.nlm.nih.gov/pubmed/15928677
http://dx.doi.org/10.1038/ni.2391
http://www.ncbi.nlm.nih.gov/pubmed/22990889
http://dx.doi.org/10.1038/nri2337
http://www.ncbi.nlm.nih.gov/pubmed/18535581
http://dx.doi.org/10.1016/j.micinf.2008.12.011
http://www.ncbi.nlm.nih.gov/pubmed/19146978
http://dx.doi.org/10.1084/jem.20021790
http://www.ncbi.nlm.nih.gov/pubmed/12538665
http://dx.doi.org/10.4049/jimmunol.0903543
http://www.ncbi.nlm.nih.gov/pubmed/20435923
http://dx.doi.org/10.1074/jbc.M403068200
http://www.ncbi.nlm.nih.gov/pubmed/15082713
http://www.ncbi.nlm.nih.gov/pubmed/11120784
http://dx.doi.org/10.1016/S0960-9822(02)00712-1
http://dx.doi.org/10.1016/S0960-9822(02)00712-1
http://www.ncbi.nlm.nih.gov/pubmed/11909531
http://dx.doi.org/10.1016/S0014-5793(03)00747-6
http://www.ncbi.nlm.nih.gov/pubmed/12885415
http://dx.doi.org/10.1016/j.gene.2008.07.015
http://www.ncbi.nlm.nih.gov/pubmed/18718859
http://dx.doi.org/10.1038/nri1497
http://www.ncbi.nlm.nih.gov/pubmed/15573128
http://dx.doi.org/10.1016/j.bbrc.2004.08.203
http://www.ncbi.nlm.nih.gov/pubmed/15381113
http://dx.doi.org/10.1128/MCB.25.15.6521-6532.2005
http://www.ncbi.nlm.nih.gov/pubmed/16024789
http://dx.doi.org/10.1186/gb-2006-7-2-r10
http://www.ncbi.nlm.nih.gov/pubmed/16507160
http://dx.doi.org/10.1371/journal.pgen.1003855
http://www.ncbi.nlm.nih.gov/pubmed/24204290
http://dx.doi.org/10.1074/jbc.M112.407205
http://dx.doi.org/10.1074/jbc.M112.407205
http://www.ncbi.nlm.nih.gov/pubmed/23209288
http://www.ncbi.nlm.nih.gov/pubmed/10490618
http://dx.doi.org/10.1016/S0960-9822(00)00061-0
http://www.ncbi.nlm.nih.gov/pubmed/7922333
http://dx.doi.org/10.1146/annurev.bi.65.070196.002055
http://www.ncbi.nlm.nih.gov/pubmed/8811184
http://dx.doi.org/10.1042/BST0330439
http://dx.doi.org/10.1042/BST0330439
http://www.ncbi.nlm.nih.gov/pubmed/15916536
http://dx.doi.org/10.1083/jcb.145.7.1355
http://dx.doi.org/10.1083/jcb.145.7.1355
http://www.ncbi.nlm.nih.gov/pubmed/10385517

@’PLOS | GENETICS

SF3a1 and TLR Signaling

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kramer A, Utans U (1991) Three protein factors (SF1, SF3 and U2AF) function in pre-splicing complex
formation in addition to snRNPs. EMBO J 10: 1503—-1509. PMID: 1827409

Will CL, Schneider C, Reed R, Luhrmann R (1999) Identification of both shared and distinct proteins in
the major and minor spliceosomes. Science 284: 2003-2005. doi: 10.1126/science.284.5422.2003
PMID: 10373121

An M, Henion PD (2012) The zebrafish sf3b1b460 mutant reveals differential requirements for the
sf3b1 pre-mRNA processing gene during neural crest development. Int J Dev Biol 56: 223-237.
doi: 10.1387/ijdb.113383ma PMID: 22562198

Corrionero A, Minana B, Valcarcel J (2011) Reduced fidelity of branch point recognition and alterna-
tive splicing induced by the anti-tumor drug spliceostatin A. Genes Dev 25: 445-459. doi: 10.1101/
gad.2014311 PMID: 21363963

Fan L, Lagisetti C, Edwards CC, Webb TR, Potter PM (2011) Sudemycins, novel small molecule ana-
logues of FR901464, induce alternative gene splicing. ACS Chem Biol 6: 582—-589. doi: 10.1021/
cb100356k PMID: 21344922

Visconte V, Rogers HJ, Singh J, Barnard J, Bupathi M, et al. (2012) SF3B1 haploinsufficiency leads to
formation of ring sideroblasts in myelodysplastic syndromes. Blood 120: 3173-3186. doi: 10.1182/
blood-2012-05-430876 PMID: 22826563

Bartels C, Klatt C, Luhrmann R, Fabrizio P (2002) The ribosomal translocase homologue Snu114p is
involved in unwinding U4/U6 RNA during activation of the spliceosome. EMBO Rep 3: 875-880. doi:
10.1093/embo-reports/kvi172 PMID: 12189173

Bartels C, Urlaub H, Luhrmann R, Fabrizio P (2003) Mutagenesis suggests several roles of Snu114p
in pre-mRNA splicing. J Biol Chem 278: 28324—28334. doi: 10.1074/jbc.M303043200 PMID:
12736260

Brenner TJ, Guthrie C (2006) Assembly of Snu114 into U5 snRNP requires Prp8 and a functional
GTPase domain. RNA 12:862-871. doi: 10.1261/rna.2319806 PMID: 16540695

Fabrizio P, Laggerbauer B, Lauber J, Lane WS, Luhrmann R (1997) An evolutionarily conserved U5
snRNP-specific protein is a GTP-binding factor closely related to the ribosomal translocase EF-2.
EMBO J 16:4092-4106. doi: 10.1093/emboj/16.13.4092 PMID: 9233818

Small EC, Leggett SR, Winans AA, Staley JP (2006) The EF-G-like GTPase Snu114p regulates spli-
ceosome dynamics mediated by Brr2p, a DExD/H box ATPase. Mol Cell 23: 389-399. doi: 10.1016/j.
molcel.2006.05.043 PMID: 16885028

Sperling J, Azubel M, Sperling R (2008) Structure and function of the Pre-mRNA splicing machine.
Structure 16: 1605—1615. doi: 10.1016/j.str.2008.08.011 PMID: 19000813

Wahl MC, Will CL, Luhrmann R (2009) The spliceosome: design principles of a dynamic RNP ma-
chine. Cell 136: 701-718. doi: 10.1016/j.cell.2009.02.009 PMID: 19239890

De Arras L, Laws R, Leach S, Pontis K, Freedman J, et al. (2014) Comparative genomics RNAi screen
identifies Eftud2 as a novel regulator of innate immunity. Genetics 197: 485-496. doi: 10.1534/
genetics.113.160499 PMID: 24361939

Katz Y, Wang ET, Airoldi EM, Burge CB (2010) Analysis and design of RNA sequencing experiments
for identifying isoform regulation. Nat Methods 7: 1009-1015. doi: 10.1038/nmeth.1528 PMID:
21057496

Anders S, Huber W (2010) Differential expression analysis for sequence count data. Genome Biol
11: R106. doi: 10.1186/gb-2010-11-10-r106 PMID: 20979621

Anders S, Reyes A, Huber W (2012) Detecting differential usage of exons from RNA-seq data. Ge-
nome Res 22: 2008—2017. doi: 10.1101/gr.133744.111 PMID: 22722343

Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, et al. (2010) Transcript assembly and quan-
tification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation.
Nat Biotechnol 28: 511-515. doi: 10.1038/nbt.1621 PMID: 20436464

Trapnell C, Hendrickson DG, Sauvageau M, Goff L, Rinn JL, et al. (2013) Differential analysis of gene
regulation at transcript resolution with RNA-seq. Nat Biotechnol 31: 46-53. doi: 10.1038/nbt.2450
PMID: 23222703

Chang JT, Nevins JR (2006) GATHER: a systems approach to interpreting genomic signatures. Bioin-
formatics 22: 2926-2933. doi: 10.1093/bioinformatics/btl483 PMID: 17000751

Huang da W, Sherman BT, Lempicki RA (2009) Systematic and integrative analysis of large gene lists
using DAVID bioinformatics resources. Nat Protoc 4: 44-57. doi: 10.1038/nprot.2008.211 PMID:
19131956

Jiao X, Sherman BT, Huang da W, Stephens R, Baseler MW, et al. (2012) DAVID-WS: a stateful web
service to facilitate gene/protein list analysis. Bioinformatics 28: 1805—1806. doi: 10.1093/
bioinformatics/bts251 PMID: 22543366

PLOS Genetics | DOI:10.1371/journal.pgen.1004932 February 6,2015 22/27


http://www.ncbi.nlm.nih.gov/pubmed/1827409
http://dx.doi.org/10.1126/science.284.5422.2003
http://www.ncbi.nlm.nih.gov/pubmed/10373121
http://dx.doi.org/10.1387/ijdb.113383ma
http://www.ncbi.nlm.nih.gov/pubmed/22562198
http://dx.doi.org/10.1101/gad.2014311
http://dx.doi.org/10.1101/gad.2014311
http://www.ncbi.nlm.nih.gov/pubmed/21363963
http://dx.doi.org/10.1021/cb100356k
http://dx.doi.org/10.1021/cb100356k
http://www.ncbi.nlm.nih.gov/pubmed/21344922
http://dx.doi.org/10.1182/blood-2012-05-430876
http://dx.doi.org/10.1182/blood-2012-05-430876
http://www.ncbi.nlm.nih.gov/pubmed/22826563
http://dx.doi.org/10.1093/embo-reports/kvf172
http://www.ncbi.nlm.nih.gov/pubmed/12189173
http://dx.doi.org/10.1074/jbc.M303043200
http://www.ncbi.nlm.nih.gov/pubmed/12736260
http://dx.doi.org/10.1261/rna.2319806
http://www.ncbi.nlm.nih.gov/pubmed/16540695
http://dx.doi.org/10.1093/emboj/16.13.4092
http://www.ncbi.nlm.nih.gov/pubmed/9233818
http://dx.doi.org/10.1016/j.molcel.2006.05.043
http://dx.doi.org/10.1016/j.molcel.2006.05.043
http://www.ncbi.nlm.nih.gov/pubmed/16885028
http://dx.doi.org/10.1016/j.str.2008.08.011
http://www.ncbi.nlm.nih.gov/pubmed/19000813
http://dx.doi.org/10.1016/j.cell.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19239890
http://dx.doi.org/10.1534/genetics.113.160499
http://dx.doi.org/10.1534/genetics.113.160499
http://www.ncbi.nlm.nih.gov/pubmed/24361939
http://dx.doi.org/10.1038/nmeth.1528
http://www.ncbi.nlm.nih.gov/pubmed/21057496
http://dx.doi.org/10.1186/gb-2010-11-10-r106
http://www.ncbi.nlm.nih.gov/pubmed/20979621
http://dx.doi.org/10.1101/gr.133744.111
http://www.ncbi.nlm.nih.gov/pubmed/22722343
http://dx.doi.org/10.1038/nbt.1621
http://www.ncbi.nlm.nih.gov/pubmed/20436464
http://dx.doi.org/10.1038/nbt.2450
http://www.ncbi.nlm.nih.gov/pubmed/23222703
http://dx.doi.org/10.1093/bioinformatics/btl483
http://www.ncbi.nlm.nih.gov/pubmed/17000751
http://dx.doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
http://dx.doi.org/10.1093/bioinformatics/bts251
http://dx.doi.org/10.1093/bioinformatics/bts251
http://www.ncbi.nlm.nih.gov/pubmed/22543366

@’PLOS | GENETICS

SF3a1 and TLR Signaling

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Horowitz DS (2012) The mechanism of the second step of pre-mRNA splicing. Wiley Interdiscip Rev
RNA 3:331-350. doi: 10.1002/wrna.112 PMID: 22012849

Berglund JA, Chua K, Abovich N, Reed R, Rosbash M (1997) The splicing factor BBP interacts specif-
ically with the pre-mRNA branchpoint sequence UACUAAC. Cell 89: 781-787. doi: 10.1016/S0092-
8674(00)80261-5 PMID: 9182766

Liu Z, Luyten |, Bottomley MJ, Messias AC, Houngninou-Molango S, et al. (2001) Structural basis for
recognition of the intron branch site RNA by splicing factor 1. Science 294: 1098—1102. doi: 10.1126/
science.1064719 PMID: 11691992

Rymond BC (2010) The branchpoint binding protein: in and out of the spliceosome cycle. Adv Exp
Med Biol 693: 123—141. PMID: 21189690

Ruskin B, Zamore PD, Green MR (1988) A factor, U2AF, is required for U2 snRNP binding and splic-
ing complex assembly. Cell 52: 207-219. doi: 10.1016/0092-8674(88)90509-0 PMID: 2963698

Zamore PD, Green MR (1989) Identification, purification, and biochemical characterization of U2
small nuclear ribonucleoprotein auxiliary factor. Proc Natl Acad Sci U S A 86: 9243-9247.
doi: 10.1073/pnas.86.23.9243 PMID: 2531895

Zamore PD, Green MR (1991) Biochemical characterization of U2 snRNP auxiliary factor: an essen-
tial pre-mRNA splicing factor with a novel intranuclear distribution. EMBO J 10: 207-214. PMID:
1824937

Zorio DA, Blumenthal T (1999) Both subunits of U2AF recognize the 3’ splice site in Caenorhabditis
elegans. Nature 402: 835-838. doi: 10.1038/45597 PMID: 10617207

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: 102—-105.
doi: 10.1126/science.8211112 PMID: 8211112

Brosi R, Hauri HP, Kramer A (1993) Separation of splicing factor SF3 into two components and purifi-
cation of SF3a activity. J Biol Chem 268: 17640—-17646. PMID: 8349644

Kramer A (1988) Presplicing complex formation requires two proteins and U2 snRNP. Genes Dev 2:
1155-1167. doi: 10.1101/gad.2.9.1155 PMID: 3192077

Resch A, Xing Y, Alekseyenko A, Modrek B, Lee C (2004) Evidence for a subpopulation of conserved
alternative splicing events under selection pressure for protein reading frame preservation. Nucleic
Acids Res 32: 1261-1269. doi: 10.1093/nar/gkh284 PMID: 14982953

Sorek R, Shemesh R, Cohen Y, Basechess O, Ast G, et al. (2004) A non-EST-based method for
exon-skipping prediction. Genome Res 14:1617—-1623. doi: 10.1101/gr.2572604 PMID: 15289480

Barbosa-Morais NL, Irimia M, Pan Q, Xiong HY, Gueroussov S, et al. (2012) The evolutionary land-
scape of alternative splicing in vertebrate species. Science 338: 1587—-1593. doi: 10.1126/science.
1230612 PMID: 23258890

Wang Y, Chen T, Han C, He D, Liu H, et al. (2007) Lysosome-associated small Rab GTPase Rab7b
negatively regulates TLR4 signaling in macrophages by promoting lysosomal degradation of TLR4.
Blood 110: 962-971. doi: 10.1182/blood-2007-01-066027 PMID: 17395780

Miyake K (2006) Roles for accessory molecules in microbial recognition by Toll-like receptors. J Endo-
toxin Res 12: 195-204. doi: 10.1179/096805106X118807 PMID: 16953972

Jansen WT, Bolm M, Balling R, Chhatwal GS, Schnabel R (2002) Hydrogen peroxide-mediated killing
of Caenorhabditis elegans by Streptococcus pyogenes. Infect Immun 70: 5202-5207. doi: 10.1128/
1A1.70.9.5202-5207.2002 PMID: 12183571

Kollewe C, Mackensen AC, Neumann D, Knop J, Cao P, et al. (2004) Sequential autophosphorylation
steps in the interleukin-1 receptor-associated kinase-1 regulate its availability as an adapter in inter-
leukin-1 signaling. J Biol Chem 279: 5227-5236. doi: 10.1074/jbc.M309251200 PMID: 14625308

Windheim M, Stafford M, Peggie M, Cohen P (2008) Interleukin-1 (IL-1) induces the Lys63-linked
polyubiquitination of IL-1 receptor-associated kinase 1 to facilitate NEMO binding and the activation of
IkappaBalpha kinase. Mol Cell Biol 28: 1783—-1791. doi: 10.1128/MCB.02380-06 PMID: 18180283

Yamin TT, Miller DK (1997) The interleukin-1 receptor-associated kinase is degraded by proteasomes
following its phosphorylation. J Biol Chem 272: 21540-21547. doi: 10.1074/jbc.272.34.21540 PMID:
9261174

Israel A (2010) The IKK complex, a central regulator of NF-kappaB activation. Cold Spring Harb
Perspect Biol 2: 2000158. doi: 10.1101/cshperspect.a000158 PMID: 20300203

Solt LA, May MJ (2008) The IkappaB kinase complex: master regulator of NF-kappaB signaling.
Immunol Res 42: 3—18. doi: 10.1007/s12026-008-8025-1 PMID: 18626576

PLOS Genetics | DOI:10.1371/journal.pgen.1004932 February 6,2015 23/27


http://dx.doi.org/10.1002/wrna.112
http://www.ncbi.nlm.nih.gov/pubmed/22012849
http://dx.doi.org/10.1016/S0092-8674(00)80261-5
http://dx.doi.org/10.1016/S0092-8674(00)80261-5
http://www.ncbi.nlm.nih.gov/pubmed/9182766
http://dx.doi.org/10.1126/science.1064719
http://dx.doi.org/10.1126/science.1064719
http://www.ncbi.nlm.nih.gov/pubmed/11691992
http://www.ncbi.nlm.nih.gov/pubmed/21189690
http://dx.doi.org/10.1016/0092-8674(88)90509-0
http://www.ncbi.nlm.nih.gov/pubmed/2963698
http://dx.doi.org/10.1073/pnas.86.23.9243
http://www.ncbi.nlm.nih.gov/pubmed/2531895
http://www.ncbi.nlm.nih.gov/pubmed/1824937
http://dx.doi.org/10.1038/45597
http://www.ncbi.nlm.nih.gov/pubmed/10617207
http://dx.doi.org/10.1126/science.8211112
http://www.ncbi.nlm.nih.gov/pubmed/8211112
http://www.ncbi.nlm.nih.gov/pubmed/8349644
http://dx.doi.org/10.1101/gad.2.9.1155
http://www.ncbi.nlm.nih.gov/pubmed/3192077
http://dx.doi.org/10.1093/nar/gkh284
http://www.ncbi.nlm.nih.gov/pubmed/14982953
http://dx.doi.org/10.1101/gr.2572604
http://www.ncbi.nlm.nih.gov/pubmed/15289480
http://dx.doi.org/10.1126/science.1230612
http://dx.doi.org/10.1126/science.1230612
http://www.ncbi.nlm.nih.gov/pubmed/23258890
http://dx.doi.org/10.1182/blood-2007-01-066027
http://www.ncbi.nlm.nih.gov/pubmed/17395780
http://dx.doi.org/10.1179/096805106X118807
http://www.ncbi.nlm.nih.gov/pubmed/16953972
http://dx.doi.org/10.1128/IAI.70.9.5202-5207.2002
http://dx.doi.org/10.1128/IAI.70.9.5202-5207.2002
http://www.ncbi.nlm.nih.gov/pubmed/12183571
http://dx.doi.org/10.1074/jbc.M309251200
http://www.ncbi.nlm.nih.gov/pubmed/14625308
http://dx.doi.org/10.1128/MCB.02380-06
http://www.ncbi.nlm.nih.gov/pubmed/18180283
http://dx.doi.org/10.1074/jbc.272.34.21540
http://www.ncbi.nlm.nih.gov/pubmed/9261174
http://dx.doi.org/10.1101/cshperspect.a000158
http://www.ncbi.nlm.nih.gov/pubmed/20300203
http://dx.doi.org/10.1007/s12026-008-8025-1
http://www.ncbi.nlm.nih.gov/pubmed/18626576

@’PLOS | GENETICS

SF3a1 and TLR Signaling

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Koop A, Lepenies |, Braum O, Davarnia P, Scherer G, et al. (2011) Novel splice variants of human
IKKepsilon negatively regulate IKKepsilon-induced IRF3 and NF-kB activation. Eur J Immunol
41:224-234. doi: 10.1002/eji.201040814 PMID: 21182093

Nilsen TW, Graveley BR (2010) Expansion of the eukaryotic proteome by alternative splicing. Nature
463: 457-463. doi: 10.1038/nature08909 PMID: 20110989

Pan Q, Bakowski MA, Morris Q, Zhang W, Frey BJ, et al. (2005) Alternative splicing of conserved
exons is frequently species-specific in human and mouse. Trends Genet 21: 73-77. doi: 10.1016/].
tig.2004.12.004 PMID: 15661351

Wang ET, Sandberg R, Luo S, Khrebtukova |, Zhang L, et al. (2008) Alternative isoform regulation in
human tissue transcriptomes. Nature 456: 470—-476. doi: 10.1038/nature07509 PMID: 18978772

Cooper TA, Wan L, Dreyfuss G (2009) RNA and disease. Cell 136: 777-793. doi: 10.1016/j.cell.
2009.02.011 PMID: 19239895

Padgett RA (2012) New connections between splicing and human disease. Trends Genet 28: 147—
154. doi: 10.1016/}.tig.2012.01.001 PMID: 22397991

Wang GS, Cooper TA (2007) Splicing in disease: disruption of the splicing code and the decoding
machinery. Nat Rev Genet 8: 749-761. doi: 10.1038/nrg2164 PMID: 17726481

Sterne-Weiler T, Howard J, Mort M, Cooper DN, Sanford JR (2011) Loss of exon identity is a common
mechanism of human inherited disease. Genome Res 21: 1563—-1571. doi: 10.1101/gr.118638.110
PMID: 21750108

Bernier FP, Caluseriu O, Ng S, Schwartzentruber J, Buckingham KJ, et al. (2012) Haploinsufficiency
of SF3B4, a component of the pre-mRNA spliceosomal complex, causes Nager syndrome. Am J Hum
Genet 90: 925-933. doi: 10.1016/j.ajhg.2012.04.004 PMID: 22541558

Czeschik JC, Voigt C, Alanay Y, Albrecht B, Avci S, et al. (2013) Clinical and mutation data in 12 pa-
tients with the clinical diagnosis of Nager syndrome. Hum Genet 132: 885-898. doi: 10.1007/s00439-
013-1295-2 PMID: 23568615

Gordon CT, Petit F, Oufadem M, Decaestecker C, Jourdain AS, et al. (2012) EFTUD2 haploinsufficiency
leads to syndromic oesophageal atresia. J Med Genet 49: 737-746. doi: 10.1136/jmedgenet-2012-
101173 PMID: 23188108

Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P, et al. (1995) Identification and characteriza-
tion of a spinal muscular atrophy-determining gene. Cell 80: 155-165. doi: 10.1016/0092-8674(95)
90460-3 PMID: 7813012

Lines MA, Huang L, Schwartzentruber J, Douglas SL, Lynch DC, et al. (2012) Haploinsufficiency of a
spliceosomal GTPase encoded by EFTUD2 causes mandibulofacial dysostosis with microcephaly.
Am J Hum Genet 90: 369-377. doi: 10.1016/j.ajhg.2011.12.023 PMID: 22305528

Luquetti DV, Hing AV, Rieder MJ, Nickerson DA, Turner EH, et al. (2013) “Mandibulofacial dysostosis
with microcephaly” caused by EFTUD2 mutations: expanding the phenotype. Am J Med Genet A
161A: 108—113. doi: 10.1002/ajmg.a.35696 PMID: 23239648

Mordes D, Luo X, Kar A, Kuo D, Xu L, et al. (2006) Pre-mRNA splicing and retinitis pigmentosa. Mol
Vis 12:1259-1271. PMID: 17110909

Neuenkirchen N, Chari A, Fischer U (2008) Deciphering the assembly pathway of Sm-class U
snRNPs. FEBS Lett 582: 1997—-2003. doi: 10.1016/j.febslet.2008.03.009 PMID: 18348870

Petit F, Escande F, Jourdain A, Porchet N, Amiel J, et al. (2014) Nager syndrome: confirmation of
SF3B4 haploinsufficiency as the major cause. Clin Genet. 86: 245-251. doi: 10.1111/cge.12259
PMID: 24003905

Voigt C, Megarbane A, Neveling K, Czeschik JC, Albrecht B, et al. (2013) Oto-facial syndrome and
esophageal atresia, intellectual disability and zygomatic anomalies—expanding the phenotypes as-
sociated with EFTUD2 mutations. Orphanet J Rare Dis 8: 110. doi: 10.1186/1750-1172-8-110 PMID:
23879989

Damm F, Kosmider O, Gelsi-Boyer V, Renneville A, Carbuccia N, et al. (2012) Mutations affecting
mRNA splicing define distinct clinical phenotypes and correlate with patient outcome in myelodysplas-
tic syndromes. Blood 119: 3211-3218. doi: 10.1182/blood-2011-12-400994 PMID: 22343920

Damm F, Thol F, Kosmider O, Kade S, Loffeld P, et al. (2012) SF3B1 mutations in myelodysplastic
syndromes: clinical associations and prognostic implications. Leukemia 26: 1137—-1140. doi: 10.
1038/leu.2011.321 PMID: 22064355

Ellis MJ, Ding L, Shen D, Luo J, Suman VJ, et al. (2012) Whole-genome analysis informs breast cancer
response to aromatase inhibition. Nature 486: 353-360. doi: 10.1038/nature11143 PMID: 22722193

Makishima H, Visconte V, Sakaguchi H, Jankowska AM, Abu Kar S, et al. (2012) Mutations in the spli-
ceosome machinery, a novel and ubiquitous pathway in leukemogenesis. Blood 119: 3203-3210.
doi: 10.1182/blood-2011-12-399774 PMID: 22323480

PLOS Genetics | DOI:10.1371/journal.pgen.1004932 February 6,2015 24 /27


http://dx.doi.org/10.1002/eji.201040814
http://www.ncbi.nlm.nih.gov/pubmed/21182093
http://dx.doi.org/10.1038/nature08909
http://www.ncbi.nlm.nih.gov/pubmed/20110989
http://dx.doi.org/10.1016/j.tig.2004.12.004
http://dx.doi.org/10.1016/j.tig.2004.12.004
http://www.ncbi.nlm.nih.gov/pubmed/15661351
http://dx.doi.org/10.1038/nature07509
http://www.ncbi.nlm.nih.gov/pubmed/18978772
http://dx.doi.org/10.1016/j.cell.2009.02.011
http://dx.doi.org/10.1016/j.cell.2009.02.011
http://www.ncbi.nlm.nih.gov/pubmed/19239895
http://dx.doi.org/10.1016/j.tig.2012.01.001
http://www.ncbi.nlm.nih.gov/pubmed/22397991
http://dx.doi.org/10.1038/nrg2164
http://www.ncbi.nlm.nih.gov/pubmed/17726481
http://dx.doi.org/10.1101/gr.118638.110
http://www.ncbi.nlm.nih.gov/pubmed/21750108
http://dx.doi.org/10.1016/j.ajhg.2012.04.004
http://www.ncbi.nlm.nih.gov/pubmed/22541558
http://dx.doi.org/10.1007/s00439-013-1295-2
http://dx.doi.org/10.1007/s00439-013-1295-2
http://www.ncbi.nlm.nih.gov/pubmed/23568615
http://dx.doi.org/10.1136/jmedgenet-2012-101173
http://dx.doi.org/10.1136/jmedgenet-2012-101173
http://www.ncbi.nlm.nih.gov/pubmed/23188108
http://dx.doi.org/10.1016/0092-8674(95)90460-3
http://dx.doi.org/10.1016/0092-8674(95)90460-3
http://www.ncbi.nlm.nih.gov/pubmed/7813012
http://dx.doi.org/10.1016/j.ajhg.2011.12.023
http://www.ncbi.nlm.nih.gov/pubmed/22305528
http://dx.doi.org/10.1002/ajmg.a.35696
http://www.ncbi.nlm.nih.gov/pubmed/23239648
http://www.ncbi.nlm.nih.gov/pubmed/17110909
http://dx.doi.org/10.1016/j.febslet.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18348870
http://dx.doi.org/10.1111/cge.12259
http://www.ncbi.nlm.nih.gov/pubmed/24003905
http://dx.doi.org/10.1186/1750-1172-8-110
http://www.ncbi.nlm.nih.gov/pubmed/23879989
http://dx.doi.org/10.1182/blood-2011-12-400994
http://www.ncbi.nlm.nih.gov/pubmed/22343920
http://dx.doi.org/10.1038/leu.2011.321
http://dx.doi.org/10.1038/leu.2011.321
http://www.ncbi.nlm.nih.gov/pubmed/22064355
http://dx.doi.org/10.1038/nature11143
http://www.ncbi.nlm.nih.gov/pubmed/22722193
http://dx.doi.org/10.1182/blood-2011-12-399774
http://www.ncbi.nlm.nih.gov/pubmed/22323480

@’PLOS | GENETICS

SF3a1 and TLR Signaling

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

Malcovati L, Papaemmanuil E, Bowen DT, Boultwood J, Della Porta MG, et al. (2011) Clinical signifi-
cance of SF3B1 mutations in myelodysplastic syndromes and myelodysplastic/myeloproliferative
neoplasms. Blood 118: 6239-6246. doi: 10.1182/blood-2011-09-377275 PMID: 21998214

Papaemmanuil E, Cazzola M, Boultwood J, Malcovati L, Vyas P, et al. (2011) Somatic SF3B1 muta-
tion in myelodysplasia with ring sideroblasts. N Engl J Med 365: 1384—1395. doi: 10.1056/
NEJMoa1103283 PMID: 21995386

Patnaik MM, Lasho TL, Hodnefield JM, Knudson RA, Ketterling RP, et al. (2012) SF3B1 mutations
are prevalent in myelodysplastic syndromes with ring sideroblasts but do not hold independent prog-
nostic value. Blood 119: 569-572. doi: 10.1182/blood-2011-09-377994 PMID: 22096241

Quesada V, Conde L, Villamor N, Ordonez GR, Jares P, et al. (2012) Exome sequencing identifies
recurrent mutations of the splicing factor SF3B1 gene in chronic lymphocytic leukemia. Nat Genet
44: 47-52. doi: 10.1038/ng.1032 PMID: 22158541

Rossi D, Bruscaggin A, Spina V, Rasi S, Khiabanian H, et al. (2011) Mutations of the SF3B1 splicing
factor in chronic lymphocytic leukemia: association with progression and fludarabine-refractoriness.
Blood 118: 6904—6908. doi: 10.1182/blood-2011-08-373159 PMID: 22039264

Visconte V, Makishima H, Jankowska A, Szpurka H, Traina F, et al. (2012) SF3B1, a splicing factor is
frequently mutated in refractory anemia with ring sideroblasts. Leukemia 26: 542—-545. doi: 10.1038/
leu.2011.232 PMID: 21886174

Wang L, Lawrence MS, Wan Y, Stojanov P, Sougnez C, et al. (2011) SF3B1 and other novel cancer
genes in chronic lymphocytic leukemia. N Engl J Med 365: 2497—-2506. doi: 10.1056/
NEJMoa1109016 PMID: 22150006

Yoshida K, Sanada M, Shiraishi Y, Nowak D, Nagata Y, etal. (2011) Frequent pathway mutations of
splicing machinery in myelodysplasia. Nature 478: 64—69. doi: 10.1038/nature10496 PMID:
21909114

Adib-Conquy M, Adrie C, Fitting C, Gattolliat O, Beyaert R, et al. (2006) Up-regulation of MyD88s and
SIGIRR, molecules inhibiting Toll-like receptor signaling, in monocytes from septic patients. Crit Care
Med 34:2377-2385. doi: 10.1097/01.CCM.0000233875.93866.88 PMID: 16850005

Jaresova |, Rozkova D, Spisek R, Janda A, Brazova J, et al. (2007) Kinetics of Toll-like receptor-4
splice variants expression in lipopolysaccharide-stimulated antigen presenting cells of healthy donors
and patients with cystic fibrosis. Microbes Infect 9: 1359—-1367. doi: 10.1016/j.micinf.2007.06.009
PMID: 17890129

LiJP, Chen Y, Ng CH, Fung ML, Xu A, et al. (2014) Differential expression of Toll-like receptor 4 in
healthy and diseased human gingiva. J Periodontal Res. epub ahead of print (March 12, 2014).

Mendoza-Barbera E, Corral-Rodriguez MA, Soares-Schanoski A, Velarde M, Macieira S, et al. (2009)
Contribution of globular death domains and unstructured linkers to MyD88.IRAK-4 heterodimer
formation: an explanation for the antagonistic activity of MyD88s. Biochem Biophys Res Commun
380: 183-187. doi: 10.1016/j.bbrc.2009.01.069 PMID: 19167362

Miao HL, Qiu ZD, Hao FL, Bi YH, Li MY, et al. (2010) Significance of MD-2 and MD-2B expression in
rat liver during acute cholangitis. World J Hepatol 2: 233-238. doi: 10.4254/wjh.v2.i6.233 PMID:
21161002

Zunt SL, Burton LV, Goldblatt LI, Dobbins EE, Srinivasan M (2009) Soluble forms of Toll-like receptor
4 are present in human saliva and modulate tumour necrosis factor-alpha secretion by macrophage-
like cells. Clin Exp Immunol 156: 285-293. doi: 10.1111/j.1365-2249.2009.03854.x PMID: 19292767

Bechara E, Valcarcel J (2013) Competition by the masses. Mol Cell 51: 279-280. doi: 10.1016/j.
molcel.2013.07.018 PMID: 23932711

Munding EM, Shiue L, Katzman S, Donohue JP, Ares M Jr. (2013) Competition between pre-mRNAs
for the splicing machinery drives global regulation of splicing. Mol Cell 51: 338—348. doi: 10.1016/j.
molcel.2013.06.012 PMID: 23891561

Clark TA, Sugnet CW, Ares M Jr. (2002) Genomewide analysis of mRNA processing in yeast using
splicing-specific microarrays. Science 296: 907-910. doi: 10.1126/science.1069415 PMID:
11988574

Jia'Y, Mu JC, Ackerman SL (2012) Mutation of a U2 snRNA gene causes global disruption of alterna-
tive splicing and neurodegeneration. Cell 148: 296-308. doi: 10.1016/j.cell.2011.11.057 PMID:
22265417

Kershaw CJ, Barrass JD, Beggs JD, O’Keefe RT (2009) Mutations in the U5 snRNA result in altered
splicing of subsets of pre-mRNAs and reduced stability of Prp8. RNA 15: 1292—-1304. doi: 10.1261/
rna.1347409 PMID: 19447917

PLOS Genetics | DOI:10.1371/journal.pgen.1004932

February 6,2015 25/27


http://dx.doi.org/10.1182/blood-2011-09-377275
http://www.ncbi.nlm.nih.gov/pubmed/21998214
http://dx.doi.org/10.1056/NEJMoa1103283
http://dx.doi.org/10.1056/NEJMoa1103283
http://www.ncbi.nlm.nih.gov/pubmed/21995386
http://dx.doi.org/10.1182/blood-2011-09-377994
http://www.ncbi.nlm.nih.gov/pubmed/22096241
http://dx.doi.org/10.1038/ng.1032
http://www.ncbi.nlm.nih.gov/pubmed/22158541
http://dx.doi.org/10.1182/blood-2011-08-373159
http://www.ncbi.nlm.nih.gov/pubmed/22039264
http://dx.doi.org/10.1038/leu.2011.232
http://dx.doi.org/10.1038/leu.2011.232
http://www.ncbi.nlm.nih.gov/pubmed/21886174
http://dx.doi.org/10.1056/NEJMoa1109016
http://dx.doi.org/10.1056/NEJMoa1109016
http://www.ncbi.nlm.nih.gov/pubmed/22150006
http://dx.doi.org/10.1038/nature10496
http://www.ncbi.nlm.nih.gov/pubmed/21909114
http://dx.doi.org/10.1097/01.CCM.0000233875.93866.88
http://www.ncbi.nlm.nih.gov/pubmed/16850005
http://dx.doi.org/10.1016/j.micinf.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17890129
http://dx.doi.org/10.1016/j.bbrc.2009.01.069
http://www.ncbi.nlm.nih.gov/pubmed/19167362
http://dx.doi.org/10.4254/wjh.v2.i6.233
http://www.ncbi.nlm.nih.gov/pubmed/21161002
http://dx.doi.org/10.1111/j.1365-2249.2009.03854.x
http://www.ncbi.nlm.nih.gov/pubmed/19292767
http://dx.doi.org/10.1016/j.molcel.2013.07.018
http://dx.doi.org/10.1016/j.molcel.2013.07.018
http://www.ncbi.nlm.nih.gov/pubmed/23932711
http://dx.doi.org/10.1016/j.molcel.2013.06.012
http://dx.doi.org/10.1016/j.molcel.2013.06.012
http://www.ncbi.nlm.nih.gov/pubmed/23891561
http://dx.doi.org/10.1126/science.1069415
http://www.ncbi.nlm.nih.gov/pubmed/11988574
http://dx.doi.org/10.1016/j.cell.2011.11.057
http://www.ncbi.nlm.nih.gov/pubmed/22265417
http://dx.doi.org/10.1261/rna.1347409
http://dx.doi.org/10.1261/rna.1347409
http://www.ncbi.nlm.nih.gov/pubmed/19447917

@’PLOS | GENETICS

SF3a1 and TLR Signaling

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

McGlincy NJ, Smith CW (2008) Alternative splicing resulting in nonsense-mediated mRNA decay:
what is the meaning of nonsense? Trends Biochem Sci 33: 385-393. doi: 10.1016/j.tibs.2008.06.001
PMID: 18621535

Park JW, Parisky K, Celotto AM, Reenan RA, Graveley BR (2004) Identification of alternative splicing
regulators by RNA interference in Drosophila. Proc Natl Acad SciU S A 101: 15974-15979.
doi: 10.1073/pnas.0407004101 PMID: 15492211

Pleiss JA, Whitworth GB, Bergkessel M, Guthrie C (2007) Transcript specificity in yeast pre-mRNA
splicing revealed by mutations in core spliceosomal components. PLoS Biol 5: €90. doi: 10.1371/
journal.pbio.0050090 PMID: 17388687

Rosel TD, Hung LH, Medenbach J, Donde K, Starke S, et al. (2011) RNA-Seq analysis in mutant
zebrafish reveals role of U1C protein in alternative splicing regulation. EMBO J 30: 1965-1976.
doi: 10.1038/emboj.2011.106 PMID: 21468032

Saltzman AL, Pan Q, Blencowe BJ (2011) Regulation of alternative splicing by the core spliceosomal
machinery. Genes Dev 25: 373-384. doi: 10.1101/gad.2004811 PMID: 21325135

Sapra AK, Arava Y, Khandelia P, Vijayraghavan U (2004) Genome-wide analysis of pre-mRNA
splicing: intron features govern the requirement for the second-step factor, Prp17 in Saccharomyces
cerevisiae and Schizosaccharomyces pombe. J Biol Chem 279: 52437-52446. doi: 10.1074/jbc.
M408815200 PMID: 15452114

Sridharan V, Heimiller J, Singh R (2011) Genomic mRNA profiling reveals compensatory mechanisms
for the requirement of the essential splicing factor U2AF. Mol Cell Biol 31:652—661. doi: 10.1128/
MCB.01000-10 PMID: 21149581

Zhou X, Wu W, LiH, Cheng Y, Wei N, et al. (2014) Transcriptome analysis of alternative splicing
events regulated by SRSF10 reveals position-dependent splicing modulation. Nucleic Acids Res
42: 4019-4030. doi: 10.1093/nar/gkt1387 PMID: 24442672

Sakabe NJ, de Souza SJ (2007) Sequence features responsible for intron retention in human. BMC
Genomics 8:59. doi: 10.1186/1471-2164-8-59 PMID: 17324281

Stamm S, Zhu J, Nakai K, Stoilov P, Stoss O, et al. (2000) An alternative-exon database and its statis-
tical analysis. DNA Cell Biol 19: 739-756. doi: 10.1089/104454900750058107 PMID: 11177572

Tanackovic G, Kramer A (2005) Human splicing factor SF3a, but not SF1, is essential for pre-mRNA
splicing in vivo. Mol Biol Cell 16: 1366—1377. doi: 10.1091/mbc.E04-11-1034 PMID: 15647371

Masuhiro Y, Mezaki Y, Sakari M, Takeyama K, Yoshida T, et al. (2005) Splicing potentiation by growth
factor signals via estrogen receptor phosphorylation. Proc Natl Acad Sci U S A 102: 8126-8131. doi:
10.1073/pnas.0503197102 PMID: 15919818

Smith LD, Lucas CM, Eperon IC (2013) Intron retention in the alternatively spliced region of RON re-
sults from weak 3’ splice site recognition. PLoS One 8: €77208. doi: 10.1371/journal.pone.0077208
PMID: 24155930

Rousseau S, Morrice N, Peggie M, Campbell DG, Gaestel M, et al. (2002) Inhibition of SAPK2a/p38
prevents hnRNP A0 phosphorylation by MAPKAP-K2 and its interaction with cytokine mRNAs. EMBO
J 21:6505-6514. doi: 10.1093/emboj/cdi639 PMID: 12456657

Wu TD, Watanabe CK (2005) GMAP: a genomic mapping and alignment program for mRNA and EST
sequences. Bioinformatics 21: 1859-1875. doi: 10.1093/bioinformatics/bti310 PMID: 15728110

Wu TD, Nacu S (2010) Fast and SNP-tolerant detection of complex variants and splicing in short
reads. Bioinformatics 26: 873-881. doi: 10.1093/bioinformatics/btq057 PMID: 20147302

Schneider TD, Stephens RM (1990) Sequence logos: a new way to display consensus sequences.
Nucleic Acids Res 18: 6097—6100. doi: 10.1093/nar/18.20.6097 PMID: 2172928

Crooks GE, Hon G, Chandonia JM, Brenner SE (2004) WebLogo: a sequence logo generator. Ge-
nome Res 14:1188-1190. doi: 10.1101/gr.849004 PMID: 15173120

R Core Team (2013) R: A Language and Environment for Statistical Computing. Vienna, Austria:
R Foundation for Statistical Computing.

Anders S, Pyl PT, Huber W (2014) HTSeq — A Python framework to work with high-throughput se-
quencing data. Preprint of submitted mansucript available at biRxiv: doi: 10.1101/002824.

Roberts A, Pimentel H, Trapnell C, Pachter L (2011) Identification of novel transcripts in annotated
genomes using RNA-Seq. Bioinformatics 27: 2325-2329. doi: 10.1093/bioinformatics/btr355 PMID:
21697122

Roberts A, Trapnell C, Donaghey J, Rinn JL, Pachter L (2011) Improving RNA-Seq expression esti-
mates by correcting for fragment bias. Genome Biol 12: R22. doi: 10.1186/gb-2011-12-3-r22 PMID:
21410973

PLOS Genetics | DOI:10.1371/journal.pgen.1004932

February 6,2015 26/27


http://dx.doi.org/10.1016/j.tibs.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18621535
http://dx.doi.org/10.1073/pnas.0407004101
http://www.ncbi.nlm.nih.gov/pubmed/15492211
http://dx.doi.org/10.1371/journal.pbio.0050090
http://dx.doi.org/10.1371/journal.pbio.0050090
http://www.ncbi.nlm.nih.gov/pubmed/17388687
http://dx.doi.org/10.1038/emboj.2011.106
http://www.ncbi.nlm.nih.gov/pubmed/21468032
http://dx.doi.org/10.1101/gad.2004811
http://www.ncbi.nlm.nih.gov/pubmed/21325135
http://dx.doi.org/10.1074/jbc.M408815200
http://dx.doi.org/10.1074/jbc.M408815200
http://www.ncbi.nlm.nih.gov/pubmed/15452114
http://dx.doi.org/10.1128/MCB.01000-10
http://dx.doi.org/10.1128/MCB.01000-10
http://www.ncbi.nlm.nih.gov/pubmed/21149581
http://dx.doi.org/10.1093/nar/gkt1387
http://www.ncbi.nlm.nih.gov/pubmed/24442672
http://dx.doi.org/10.1186/1471-2164-8-59
http://www.ncbi.nlm.nih.gov/pubmed/17324281
http://dx.doi.org/10.1089/104454900750058107
http://www.ncbi.nlm.nih.gov/pubmed/11177572
http://dx.doi.org/10.1091/mbc.E04-11-1034
http://www.ncbi.nlm.nih.gov/pubmed/15647371
http://dx.doi.org/10.1073/pnas.0503197102
http://www.ncbi.nlm.nih.gov/pubmed/15919818
http://dx.doi.org/10.1371/journal.pone.0077208
http://www.ncbi.nlm.nih.gov/pubmed/24155930
http://dx.doi.org/10.1093/emboj/cdf639
http://www.ncbi.nlm.nih.gov/pubmed/12456657
http://dx.doi.org/10.1093/bioinformatics/bti310
http://www.ncbi.nlm.nih.gov/pubmed/15728110
http://dx.doi.org/10.1093/bioinformatics/btq057
http://www.ncbi.nlm.nih.gov/pubmed/20147302
http://dx.doi.org/10.1093/nar/18.20.6097
http://www.ncbi.nlm.nih.gov/pubmed/2172928
http://dx.doi.org/10.1101/gr.849004
http://www.ncbi.nlm.nih.gov/pubmed/15173120
http://dx.doi.org/10.1101/002824
http://dx.doi.org/10.1093/bioinformatics/btr355
http://www.ncbi.nlm.nih.gov/pubmed/21697122
http://dx.doi.org/10.1186/gb-2011-12-3-r22
http://www.ncbi.nlm.nih.gov/pubmed/21410973

@’PLOS | GENETICS

SF3a1 and TLR Signaling

140.

141.

142.

143.

144.

Alper S, Laws R, Lackford B, Boyd WA, Dunlap P, et al. (2008) Identification of innate immunity genes
and pathways using a comparative genomics approach. Proc Natl Acad Sci USA 105: 7016-7021.
doi: 10.1073/pnas.0802405105 PMID: 18463287

Fernandez-Botran R, Vétvicka V (2001) Methods in Cellular Immunology. Boca Raton: CRC Press. p 8.

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to Imaged: 25 years of image analysis.
Nat Methods 9: 671-675. doi: 10.1038/nmeth.2089 PMID: 22930834

Kanehisa M, Goto S (2000) KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res
28: 27-30. doi: 10.1093/nar/28.1.27 PMID: 10592173

Kanehisa M, Goto S, Sato Y, Kawashima M, Furumichi M, et al. (2014) Data, information, knowledge
and principle: back to metabolism in KEGG. Nucleic Acids Res 42: D199-205. doi: 10.1093/nar/
gkt1076 PMID: 24214961

PLOS Genetics | DOI:10.1371/journal.pgen.1004932 February 6,2015 27/27


http://dx.doi.org/10.1073/pnas.0802405105
http://www.ncbi.nlm.nih.gov/pubmed/18463287
http://dx.doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://dx.doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
http://dx.doi.org/10.1093/nar/gkt1076
http://dx.doi.org/10.1093/nar/gkt1076
http://www.ncbi.nlm.nih.gov/pubmed/24214961


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


